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ABSTRACT 
 
 
 
 
This paper describes and reviews various sensor technologies, particularly 
fiber-optic sensor, which are applicable to the monitoring of civil engineering 
structures.  Aspects of review include technical requirement, design and fabrication, 
and instrumentation procedures for the sensors.  A comparative study on the relative 
merits and selection criteria is carried out through an analysis of selected case studies 
on real applications of sensors in structures.  The analysis provides some general 
guidelines on technical implementation of structural monitoring using those sensors 
for our local conditions.  Finite Element Modelling (FEM) is carried out for case 
study III for comparison purpose.  In general, it is found that the fiber optic sensors 
give a higher value of stress-strain compared to the conventional electrical resistance 
strain gauge.  This is due to the properties of the electric strain gauge, which does not 
necessary capture the randomly developed crack or the steel reinforcement in the 
particular cracked zone.  Fiber optic based sensors have superior properties for 
structural monitoring and are able to record strain readings even after member 
collapse. 
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ABSTRAK 
 
 
 
 
Kajian ini dijalankan untuk membincangkan dan mengulas tentang 
kepelbagaian teknologi sensor khususnya sensor gentian optik, yang mana ia boleh 
digunakan dalam pemantauan terhadap struktur – struktur kejuruteraan awam.  
Aspek yang dibincangkan adalah termasuk rekaan dan pengeluaran, prosedur yang 
diperlukan semasa pemasangan sensor dan keperluan teknikal sensor tersebut.  
Perbandingan berhubung dengan kelebihan setiap sensor dan kriteria yang diperlukan 
semasa membuat pemilihan sensor dibuat berpandukan kajian kes yang dipilih.  
Kajian kes yang dipilih adalah berdasarkan aplikasi sebenar sensor tersebut dalam 
struktur kejuruteraan awam.  Analisis yang dibuat membincangkan mengenai 
panduan umum teknik penggunaannya dalam mengawasi struktur serta 
penggunaannya pada stuktur tempatan.  Kaedah unsur terhingga (FEM) telah 
digunakan untuk kajian kes yang ketiga untuk tujuan perbandingan.  Secara 
umumnya, sensor gentian optik memberikan bacaan yang lebih tinggi dalam 
lengkung tegangan-terikan jika dibandingkan dengan penggunaan tolok terikan 
elektrik.  Ini adalah disebabkan oleh ciri-ciri tolok terikan elektrik tersebut yang tidak 
dapat memberikan bacaan apabila sesuatu struktur mulai retak atau pada zon retak di 
sekitar tetulang keluli.  Sensor gentian optik mempunyai ciri-ciri yang lebih baik 
untuk mengawasi struktur dan mampu memberikan rekod bacaan keterikan (strain) 
walaupun struktur tersebut telah runtuh atau musnah. 
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CHAPTER 1 
 
 
 
 
INTRODUCTION 
 
 
 
 
1.1 BACKGROUND OF STUDY 
 
 
Civil Infrastructures, such as long span bridges, offshore structures, large 
dams and other hydraulic engineering, nuclear power stations, tall buildings, large 
space structures and geotechnical engineering etc. often have a long service period, 
maybe several decades or over one hundred years.  During their service life, these 
structures inevitably suffer from environmental corrosion, long term loading or 
fatigue effects, material aging or their coupling effects with extreme loading.  
Consequently, the damage accumulates, performance degenerates or capacity 
resisting from disaster actions reduces.  Intelligent health monitoring systems 
(HMSs) has become important technology to study the damage or even disaster 
evolving characteristics and laws and also become health-ensuring systems for 
infrastructures.  This technology attracts immense research interests and active 
development interests of scientists and engineers in the whole world.  (Jinping OU 
and Hui LI) 
 
 
The concrete makes most of those civil infrastructures.  Its long-term 
degradation is a major problem with the infrastructure of many developed countries.  
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Damage in a concrete structure may start very early in its life span.  For example, in 
large structures such as dams, the high thermal gradients formed during early 
hydration may lead to cracking.  Such thermal cracking can be avoided through 
feedback control, provided small strain changes of below 10 µε can be measured 
(Habel and Hofmann 1994b).  In the long run, loading environmental effects can also 
result in severe degradation.  Highway bridges under heavy traffic and 
freezing/thawing are familiar examples.  To properly maintain concrete structures in 
order to extend their service life, it is highly desirable to develop sensors that can 
monitor the structural condition throughout its life span.  (Christopher K. Y. Leong 
et. al, 2000) 
 
 
The sensing and measuring of various physical quantities such as 
displacement, strain, temperature, and pressure are an integral part of civil 
engineering.  Prediction of failure and detection of defects are especially useful in 
structures such as dams, bridges, and nuclear waste containment vessels, and 
facilities where failure presents large safety and economical concerns.  The cost of 
structural maintenance, repair, and upgrading would be reduced if appropriate 
sensors incorporated in structures provide an early warning of problems and data on 
the in situ performance of structures.  The obtained in situ performance data could 
also help to reduce the cost of future construction of similar structures by increasing 
the degree of confidence and thereby reducing the degree of design conservation.  
Furthermore, the innovative application of fiber-reinforced polymers (FRP) in civil 
engineering structures necessitates long-term monitoring, not only to answer the 
safety concerns but also to generate valuable data for the research and development 
of FRP technology for more efficient and widespread use.  (Burong Zhang et al, 
2003) 
 
 
Sensors have recently been embedded in various concrete structures such as 
buildings (Huston et al. 1992; Habel and Hofmann 1994a), dams (Holst and Habel 
1992) and bridges (Maaskant et al. 1998) to monitor strain in the structure.  The high 
resolution (below 1 µε with interferometric techniques) makes them ideal for control 
applications.  Since the sensor easily be embedded into concrete, they can be used for 
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the direct measurement of internal strain.  Also, since a light signal rather than 
electric current is carried, sensors have very little loss and are immune to 
electromagnetic interference and lightning damages.  For large structures in open 
areas (e.g., dams and bridges), or those carrying power lines (such as bridges with 
power lines underneath), sensors appear to be ideal.  (Christopher K. Y. Leong et. al, 
2000) 
 
 
 
 
1.2 PROBLEM STATEMENT 
 
 
All around us are living things that sense and react to their environment in 
sophisticated ways.  Furthermore, they’re so many cases of failure of the structure 
that has happened recently.  Some of the symptoms of failure such as cracking, 
spalling, delamination, corrosion and even more worse when the structure failed.  In 
Malaysia, the current issue about the failing of the structure is the MRR2 in Kepong, 
which is the crack occur along the beam.  And the crack is identified as the life crack.  
As structures have become more complex and are being asked to perform ever more 
difficult missions, there has been increasing need to build intelligent into them so 
that they can sense and react to their environment.  In order to build an intelligent or 
smart structure, sensors are provided in the structure. 
 
 
The development of the vary sensor technologies make the choice of sensor 
in market higher.  It sometime makes the engineer difficult to make the decision 
making in other to choose the best sensor that suitable for the structure.  Sometimes 
wrong decision will make the thing even worse.  So that this research is developed to 
identify the technology itself, technical requirement, and instrumentation and make 
the engineer or other bodies that involves can compare the differential between many 
types of sensor and make them can used it in correct condition. 
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1.3 OBJECTIVES AND SCOPES 
 
 
There are a few objectives that have to be achieved at the end of this project.  
There are: 
 
1. To study the development of strain/stress measurement sensor technology in 
structure. 
2. To study the design, technical requirements and instrumentation of state-of-
the-art sensors for structural monitoring. 
3. To carry out comparative study of various sensor technologies applicable to 
structural monitoring. 
 
 
 
 
1.4 SCOPES 
 
 
This case study involves a review and analysis of case studies on sensor 
technologies used in mainly concrete structures, and in particular sensor based on 
fiber-optic materials.  Fibre optics sensor are primarily used to sense displacement 
and temperature.  Many techniques have been used including Bragg Grating, 
Intensity Sensors, Interferometric and optical time domain reflectometry (OTDR). 
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1.5 EXPECTED FINDINGS 
 
 
At the end of this study, the author expected to know: 
 
1. Information and data on various sensor technologies applicable to structural 
monitoring 
2. Comparative study on different types of sensor and their relative merits. 
3. Technical procedure for using sensors in monitoring of real structures. 
4. General selection criteria for the applicable of sensors in structural 
monitoring. 
 
 
 
 
1.6 RESEARCH METHODOLOGY 
 
 
The general methodology for this study involves three main approaches: 
 
i) Literature review for background study on the various sensor 
technologies applicable for structural monitoring 
ii) Compilation and selection of case studies involving the use of 
sensor technologies in either real structure or experimental work 
iii) Analysis of data from case studies to provide comparison between 
different sensors in various applications. 
iv) Finite Element modelling for case study III for comparison 
purpose. 
 
 
Finally, general guidelines are derived from the case study and 
recommendations are made for further work on the subject. 
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1.6.1 INTRODUCTION 
 
 
This project mainly involves the study of information and findings from case 
studies due to limited time scale as well as the need for high technology equipment 
and expert’s personnel.  Besides, a sensor technology is construct to make the 
structure become intelligent which it can sense or detect any deterioration.  This 
capability can help the engineer or any person in this area to take some action to 
investigate the best way to prevent it before it become worse. 
 
 
General case study is preference when ‘how’ or ‘why’ questions are being 
posed.  It also can be used when the investigators has little control over event and 
when the focus is on a temporary phenomenon within some real-life context or 
historical event (Yin, 1994). 
 
 
According to Bell (1993), case study approach is particularly appropriate for 
individual researches because it gives an opportunity for one aspect of problem to be 
or a description of an event or state.  As in all research, evidence is collected 
systematically, the relationship between variables is studied and the study is 
methodically planned.   
 
 
The main advantage of the case study research is that it allows the researches 
to concentrate on a specific instance or situation and to identify or attempt to identify 
the various interactive processes at work (Bell, 1993).   
 
 
Case study research covers a range of activities, literature review or the most 
common and important, which focus on the analysis of actual research findings from 
a number of different studies.  Besides that, through observation and interviews are 
most frequently used in case study, no method is excluded.  Method of collecting 
research information that is selected most is appropriate for the task.   
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1.6.2 LITERATURE SEARCHING 
 
 
According to Moore (2000), no research project exists in isolation.  Each 
piece of work relates in some way to the environmental within which the research 
take place, to the theories and concepts that has been developed to explain the 
environmental conditions.  Therefore the researches must take full account of what 
has gone before and what is going on around.  They must fully of all the relevant 
literature on the subject.  It is essential that the researches aware the main issues and 
policies and able to cited the principal theories that other have developed. 
 
 
A literature searching interpret and synthesis what has been researched and 
published in the area of interest.  Literature searching or literature review involves 
reading what other people written about the area that a researcher interested, 
gathering suitable information to support or refute the arguments stated and writing 
out his findings.  All research take into account previous work in the same area in 
order to prevent repeating other’s mistake, duplicating a study already done.  The 
goal of research is contributing to the knowledge of the field that may never be 
realized.   
 
 
The literature itself consists of two types: data base research studies and non-
data based writing.  Data based research refers to studies that involve the collection 
and analysis of data gathered from people, organizations, documents and so on.  
Meanwhile, the non-data based writings reflect the writer’s experiences or opinions 
and can be range from highly theoretical to popular testimonial (Meriam, 1988).  In 
the field of engineering, there are a lot of data based researches but limited non-data 
based writings.   
 
 
Indeed one function of literature searching is to provide the foundation of 
contributing to the knowledge base.  This foundation can help in the formulation of 
the problem, in the selection of methodology and interpretation of research results.  
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Besides providing a foundation for the problem to be investigated, the literature 
searching can demonstrate how the present study ‘advances refines or revises what is 
already known’ (Meriam, 1988). 
 
 
When planning the literature search, it is often helpful to think about of the 
types of material that can be used, such as books, journals, articles, thesis, seminar 
notes or conference papers, policy and etc to gather the theoretical aspects of the area 
study to avoid collected the useless material, it is essential to defined the boundaries 
of the research and identify the most suitable database to search for.  Besides, the 
research information also can be collected through searching from indexes and 
abstracts of the journal, articles or look in the catalogue of a large or specialist 
library.   
 
 
In this project, the main sources of the literature review are from books, 
journals, articles and some Internet searching.  Since the subject of this project is 
about sensor technology in monitoring civil engineering structural and is quite new 
in Malaysia, they are limited published documents from the local authorities.  
Therefore, all the articles referred in this project are from overseas, mainly from 
Journal of Material in Civil Engineering, Journal of Engineering Mechanics and etc 
published by American Society of Civil Engineering (ASCE) in United State.  
Besides, for the basic theory for sensor technology is mainly refers from book. 
 
 
While researching the research information, keywords are the important tool 
for searching and must be defined carefully in order to get the research information 
accurately.  In order to search the information for this project, several keywords such 
as sensor, fiber optic, strain gauge and etc have been defined.  These keywords are 
used in finding the related articles from ASCE and other database. 
 
 
On the other hand, once the related documents or research reports have been 
identified, the bibliographies also can help to identify those other relates documents.  
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From the bibliographies stated, the important articles, books, journal papers and etc 
can help to improve the information about sensor technology in structure monitoring.  
The entire document referred must be recorded systematically for further reference. 
 
 
When all the important documents have been collected, the case study 
research is carried on through reading and highlighting the important aspect in the 
technology of sensor technology in structure monitoring, types of fiber optic or non-
fiber optic and the work of each sensor.  Then the information obtained will be 
classified and analysed.  The findings of literature searching hopefully will give a 
clear picture about the objective of this project. 
 
 
 
 
1.6.3 DATA ANALYSIS 
 
 
Unlike the experimental or surveying research, case study research does not 
claim any particular methods for data collection or data analysis.  Therefore the data 
analysis for case study much depends on the researcher’s own style thinking, along 
with the sufficient presentation of information and careful consideration of 
alternative interpretations (Yin, 1994).  However the results from the analysis must 
be clear and reasonable. 
 
 
Moore (2000) has suggested some principles that are common to analysis of 
all case study research.  The principles are as follow: 
 
 
1. The authorities and reliability of the information searched.  When 
dealing with published material, one must know the authority that the 
published bring to the party and the steps that they have taken to ensure 
the research is worth published. 
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2. The researcher must be clear about the information that he is looking 
for.  The relevant research information can be extracted from all the 
collected documents according to the research’s aim and objectives. 
 
3. The extracted information must be organized systematically into 
different categories in order to make the analysis easy and better.  When 
using the material collected through literature search, all books, copies 
of journal must keep in easily accessible. 
 
4. Document all the published sources and keep notes on each books, 
articles or report for further references. 
 
5. Comparison is the key to data analysis in the case study research.  The 
researchers must look for the similarities and the differences between 
the information collected. 
 
6. When analysis is carried on, the collected information is break down 
into its component parts.  Then, synthesis the results, bringing things 
together and noting where are significant differences.  The eventual 
aims to produce something that can increase the public understanding 
on the issue investigate. 
 
 
The process of data collection and data analysis is an ongoing process that 
can extend indetifinitely.  There always more documents to be reviewed.  This does 
not mean that the analysis is finished when all the data have been collected.  
Conversely, analysis became more intensive once all the data in, even though 
analysis has been an ongoing activity.  The researcher should stop investigate or 
analyse the data when depleting of time and money allocated to the project or 
running out of mental energy (Meriam, 1988). 
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Data analysis consists of examining, categorising, tabulating or otherwise 
recombining the information to address the initial proposition of a study.  Analysing 
case study information is difficult because the strategies and techniques have not 
been well developed in the past (Yin, 1994). 
 
 
Analysing data collected in case study research is tedious and time-
consuming work.  Due to the constraints of time, not all the information collected us 
analysed.  Only those information that are relevant and related to the fiber optic and 
sensor technology in monitoring structure will be analysed.  The selection of 
information is started with reading through all the abstracts or the summary of the 
documents. After that, all the selected documents are read through some important 
information is noted carefully.  Then the noted information is categorised into 
different titles or subtitles for report writing. 
 
 
For further understanding in this topic, a few case studies have been selected.  
The case study is selected based on some criteria.  The criteria are such as easy to 
understand, and it can show the usage of the different types of fiber optic sensor in 
the structure. 
 
 
Discussion is made to compare the results obtain in the case study with the 
information stated in the literature review.  All the similarities and differences are 
pointed out and discussed.  Then the reasons are given to explain the differences 
discussed.  Finally, the discussion is about the application of sensor in Malaysia. 
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1.6.4 SUMMARY 
 
 
All the procedures of project’s title definition, data collection, data analysis, 
discussion, conclusion and recommendation as stated before this are summarised in a 
flow chart below (Figure 5.1) 
 
Discussion, Reading and Observation 
 
Literature Review 
- Problem identification through reading, discussion and observation of the area 
studied. 
- Understand and identify the background of problem. 
- Study the feasibility and the needs to carry out the investigation. 
- Identify the title for project. 
- Identify the scope, aim and objective. 
- Plan the methodology. 
 
Case Study 
- Choose the relevant and related case study for discussion 
- Describe important aspects of case study 
- Analysis the use of sensors in the case study. 
- Understand the background of the problem. 
- Understand the history of the sensor technology in structural monitoring. 
- Carry out literature search on generic technologies of sensors for concrete structures.
- Identify the types or sensor involve in monitoring the structural in civil engineering. 
- Identify the technique used and the working principle for each type of sensors 
 
- Finite Element Modelling for comparison 
 
Discussion, Conclusion and Recommendation 
 
- Discuss the similarities and differences. 
- Discuss the technical aspects of the sensor application. 
- Draw the overall conclusion for this project 
- Give some recommendation for future.
 
Figure 5.1: Summary of Project Procedure 
  
 
 
CHAPTER 2 
 
 
 
 
LITERATURE REVIEW 
 
 
 
 
2.1 HISTORICAL DEVELOPMENT OF STRAIN MEASUREMENT IN 
CONCRETE STRUCTURE 
 
 
Structural constructed from the development of materials with could 
continuously monitor their internal strain and thermal state.  Such measurement 
could be used to monitor the loads imposed on the structure as well as its vibration 
state and deformation.  In addition, strain sensing maybe capable of assessing 
damage and warning of impending weakness in structural integrity or improving 
quality control of thermoset composite materials during fabrication through cure 
monitoring.  This form of resident inspectability clearly has both safety and 
economical ramifications, for it could be lead to greater confidence in the used of 
advanced composite materials and weight savings through avoidance of over design.  
This technology should lead to a reduction in maintenance, repair, and downtime of 
future structure and could be find broud application in ship, submarine and pressure 
vessels where composite materials are penetrating. 
 
 
In the civil engineering arena, building, bridge, dams, tunnels, seaports, 
highways, railways, pipeline and airport represent an enormous financial investment.  
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If resident strain sensing can improve concrete evaluation, the ramifications could 
have enormous value to the multibillion dollar annual construction business, as aging 
and deterioration of many highway bridges is recognized as one of the major 
problems facing structural engineers in the United States, European Community and 
Japan.  In cold-climate countries this deterioration has been greatly accelerated by 
the used deicing salts.   
 
 
 
 
2.2 STRAIN GAUGES 
 
 
Strain gauges have been developed for the accurate measurement of strain.  
Given a measurement of strain, stress and load may also be calculated via the 
definition of Young’s modulus as stress divided by strain, and the definition for 
stress as force (or load) divided by area (Eric Udd, 1995).  
 
 
 
 
2.2.1 Brief History of Strain Gauges 
 
 
In 1856 Lord Kelvin first reported on a relationship between strain and the 
resistance of wire conductors.  Charles Kearns made the first notable use of bonded 
resistance strain gauges to measure vibratory strains in high performance propeller 
blades in early 1930s.  He used carbon composite resistors (as used in standard 
electronic instruments) ground flat and mounted on an insulating strip.  These were 
then cemented onto the propeller blades, and were able to indicate the dynamic 
strains experienced by the blades.  However, these gauges were not very accurate, 
and due to the resistance stability with variations in time and temperature being poor, 
the gauges were unable to measure slowly changing or static strains. 
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After that, in 1937 to 1938, Arthur Ruge and Edward Simmons (working 
independently of each other) both discovered that small diameter wires made of 
electrical resistance alloys could be bonded to a structure to measure surface strain.  
This type of gauge had the advantage of responding well to static strains.  Following 
this break through, strain gauge measurements were adopted for use in aircraft 
development programmes during World War II.  It was due to the demands of this 
rapidly growing industry that the important advance into foil strain gauges was made.  
 
 
While in 1952, the Saunders-Roe Company (UK) were seeking 
improvements in the performance of the bonded wire gauges to enable their use in 
more demanding environments.  At this time, printed circuits were emerging, and 
Saunders-Roe developed the idea of making a strain gauge by etching the pattern for 
the gauge from a thin foil.  These foil gauges had some distinct advantages, most 
notably a reduction in size and production costs. This allowed much more extensive 
use of electrical resistance strain gauges, and they are the most common type in use 
today.  
 
 
Semiconductor strain gauges are also in use today, and these differ in many 
aspects from the metallic wire and foil strain gauges. Most importantly, they produce 
much greater sensitivity (10 to 50 times), which was at one time thought to herald the 
downfall of metallic gauges. But, semiconductor gauges are very limited as a general 
purpose gauge, and so there is a place for both types in modern strain measurement.  
 
 
 
 
2.2.2 Electrical Resistance Strain Gauges 
 
 
The most common form of strain gauge is the electrical resistance strain 
gauge - originally invented by Lord Kelvin in circa 1856.  Kelvin observed that the 
resistance of a conductor varies deterministically when the conductor is stretched (or 
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strained).  Therefore, if a conductor is bonded to a structure such that the change in 
length of the structure is equal to the change in length of the conductor, the change of 
resistance of the conductor is directly proportional to strain. 
 
 
From Wikipedia Encyclopaedia, strain gauge is a device used to measure 
deformation (strain) of an object.  Invented by Edward Simmons in 1938, the most 
common type of strain gauge consists of a flexible backing which supports a metallic 
foil pattern etched onto the backing.  As the object is deformed, the foil pattern is 
deformed, causing its electrical resistance to change due to the piezoresistive effect.  
This resistance change, usually measured using a Wheatstone Bridge circuit, can be 
used to calculate the exact amount of deformation by means of the quantity known as 
the gauge factor. 
 
 
The gauge factor of a strain gage relates strain to change in electrical 
resistance.  The gauge factor GF is defined by the formula  
where RG is the resistance of the undeformed gauge, ∆R is the change in resistance 
caused by strain, and ε is strain. 
 
 
For measurements of small strain, semiconductor strain gauges, so called 
piezoresistors, are often preferred over foil gages.  A semiconductor gauge usually 
has a larger gauge factor than a foil gauge.  Semiconductor gauges tend to be more 
expensive, more sensitive to temperature changes, and are more fragile than foil 
gages. 
 
 
The gauges are formed by either a length of wire arranged in an axial grid 
pattern, or by etching a thin metal foil into the desired shape.  In either case the 
conductor is bonded to a backing sheet.  In turn the backing is securely bonded to the 
structure to be measured such that a surface strain also strains the conductor. 
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2.2.2.1 Theory of Strain Gauges 
 
 
The use of strain gauges is based on the fact that the resistance of a conductor 
changes when the conductor is subjected to strain.  Figure 2.1 shows a resistance 
wire in it's original state, and after subjected to a strain.  The stretched wire has 
higher resistance, as it is longer and thinner.  
 
 
Figure 2.1: Resistance Wire 
 
 
The electrical resistance of a conductor is given by:  
 
 
 
 
The resistivity also changes as a result of the stresses within the material of 
the wire, but these variations are only slight in normal conductors and so the vast 
majority of the change results from the deformation.  In semi-conductive materials, 
this situation is reversed such that the change in resistivity prevails.  
 
 
The relationship between strain and resistance variation is almost linear, and 
the constant of proportionality is known as the 'sensitivity factor', or the 'K factor', 
where:  
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For a strain gauge, this constant is known as the 'strain sensitivity' of the gauge, or 
the 'gauge factor', and is given the symbol 'F'.  Typical values for K (and F) lie 
between 2 and 4, and depend on the material used.  
 
 
 
 
2.2.2.2 Strain Gauge Measurement 
 
 
In practice, the strain measurements rarely involve quantities larger than a 
few millistrain (ε x 10-3).  Therefore, to measure the strain requires accurate 
measurement of very small changes in resistance.  For example, suppose a test 
specimen undergoes a strain of 500 µε.  A strain gauge with a gauge factor of 2 will 
exhibit a change in electrical resistance of only 2 (500 x 10-6) = 0.1%.  For a 120Ω 
gauge, this is a change of only 0.12 Ω. 
 
 
To measure such small changes in resistance, strain gauges are almost always 
used in a bridge configuration with a voltage excitation source.  The general 
Wheatstone bridge, illustrated below, consists of four resistive arms with an 
excitation voltage, VEX, that is applied across the bridge. 
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Figure 2.2: Wheatstone Bridge 
 
 
The output voltage of the bridge, VO, will be equal to: 
 
 
 
 
From this equation, it is apparent that when R1/R2 = R4/R3, the voltage output 
VO will be zero.  Under these conditions, the bridge is said to be balanced.  Any 
change in resistance in any arm of the bridge will result in a nonzero output voltage. 
 
 
Therefore, if we replace R4 in Figure 2.2 with an active strain gauge, any 
changes in the strain gauge resistance will unbalance the bridge and produce a 
nonzero output voltage.  If the nominal resistance of the strain gauge is designated as 
RG, then the strain-induced change in resistance, ∆R, can be expressed as ∆R = 
RG·GF·ε.  Assuming that R1 = R2 and R3 = RG, the bridge equation above can be 
rewritten to express VO/VEX as a function of strain (see Figure 2.3).  Note the 
presence of the 1/(1+GF·e/2) term that indicates the nonlinearity of the quarter-
bridge output with respect to strain. 
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Figure 2.3: Quarter-Bridge Circuit 
 
 
Ideally, we would like the resistance of the strain gauge to change only in 
response to applied strain.  However, strain gauge material, as well as the specimen 
material to which the gauge is applied, will also respond to changes in temperature.  
Strain gauge manufacturers attempt to minimize sensitivity to temperature by 
processing the gauge material to compensate for the thermal expansion of the 
specimen material for which the gauge is intended.  While compensated gauges 
reduce the thermal sensitivity, they do not totally remove it.  
 
 
By using two strain gauges in the bridge, the effect of temperature can be 
further minimized.  For example, Figure 2.4 illustrates a strain gauge configuration 
where one gauge is active (RG + ∆R), and a second gauge is placed transverse to the 
applied strain.  Therefore, the strain has little effect on the second gauge, called the 
dummy gauge.  However, any changes in temperature will affect both gauges in the 
same way.  Because the temperature changes are identical in the two gauges, the 
ratio of their resistance does not change, the voltage VO does not change, and the 
effects of the temperature change are minimized.  
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Figure 2.4: Use of Dummy Gauge to Eliminate Temperature Effect 
 
 
The sensitivity of the bridge to strain can be doubled by making both gauges 
active in a half-bridge configuration.  For example, Figure 2.5 illustrates a bending 
beam application with one bridge mounted in tension (RG + ∆R) and the other 
mounted in compression (RG - ∆R).  This half-bridge configuration, whose circuit 
diagram is also illustrated in Figure 6, yields an output voltage that is linear and 
approximately doubles the output of the quarter-bridge circuit. 
 
 
Figure 2.5: Half-Bridge Circuit 
 
 
Finally, you can further increase the sensitivity of the circuit by making all 
four of the arms of the bridge active strain gauges in a full-bridge configuration.  The 
full-bridge circuit is shown in Figure 2.6. 
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Figure 2.6: Full-Bridge Circuit 
 
 
The equations given here for the Wheatstone bridge circuits assume an 
initially balanced bridge that generates zero output when no strain is applied.  In 
practice however, resistance tolerances and strain induced by gauge application will 
generate some initial offset voltage.  This initial offset voltage is typically handled in 
two ways.  First, you can use a special offset-nulling, or balancing, circuit to adjust 
the resistance in the bridge to rebalance the bridge to zero output.  Alternatively, you 
can measure the initial unstrained output of the circuit and compensate in software.  
 
 
The equations given above for quarter, half, and full-bridge strain gauge 
configurations assume that the lead wire resistance is negligible.  While ignoring the 
lead resistances may be beneficial to understanding the basics of strain gauge 
measurements, doing so in practice can be a major source of error.  For example, 
consider the 2-wire connection of a strain gauge shown in Figure 2.7a.  Suppose each 
lead wire connected to the strain gauge is 15 m long with lead resistance RL equal to 
1 Ω.  Therefore, the lead resistance adds 2 Ω of resistance to that arm of the bridge.  
Besides adding an offset error, the lead resistance also desensitizes the output of the 
bridge.  
 
 
You can compensate for this error by measuring the lead resistance RL and 
accounting for it in the strain calculations.  However, a more difficult problem arises 
from changes in the lead resistance due to temperature fluctuations.  Given typical 
temperature coefficients for copper wire, a slight change in temperature can generate 
a measurement error of several µε.  
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Using a 3-wire connection can eliminate the effects of variable lead wire 
resistance because the lead resistances affect adjacent legs of the bridge.  As seen in 
Figure 2.7b, changes in lead wire resistance, R2, do not change the ratio of the bridge 
legs R3 and RG.  Therefore, any changes in resistance due to temperature cancel each 
other.  
 
 
Figure 2.7: Two-Wire and Three-Wire Connection of Quarter-Bridge Circuit 
 
 
 
 
2.2.2.3 Gauges Construction 
 
 
Construction of electrical resistance strain gauges involves bringing together 
the optimum combination of electrical resistance material and backing plate.  In 
general, wire gauges are used for high temperature applications, foil gauges are used 
for routine applications.  Foil and strain gauges offer the following characteristics. 
 
1. High stability. 
2. Good proportionality. 
3. A manufacturing process based on etching which is cheap and allows 
complex designs of conductor to be obtained. 
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4. Price per gauge is 25p to £10 (installation and calibration costs are 
significantly higher). 
5. Low output voltage - requires amplification. 
6. Ease of production over a range of sizes,  
7. Robustness,  
8. Good stability, repeatability and linearity over large strain range,  
9. Good sensitivity  
10. Freedom from (or ability to compensate for) temperature effects and other 
environmental conditions,  
11. Suitability for static and dynamic measurements and remote recording  
12. Low cost  
 
 
 
Figure 2.8: Foil Strain Gauges 
 
 
 Foil gauges (Figure 2.8) are made from very thin metal strips (2-10 
micrometers thick), and have very fine grids. They are essentially a printed circuit, 
and therefore require the best manufacturing techniques and careful handling to 
ensure good quality measurements.  It is possible to mass produce foil gauges, 
whereas wire gauges must still be largely manufactured by hand.  
 
 
 There are a few strain gauges in market such as embedded strain gauges, 
surface strain gauges, weldable strain gauges which are usually used for steel 
structure and etc.  In choosing the strain gauge, there are a few selection criteria that 
has to be take into account: 
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1. Physical size and form - the strain gauge may be small (~6 mm active 
gauge length) but this size sets the spatial resolution limit of the 
measurement. 
2. Gauge resistance. 
3. Sensitivity - or the Gauge Factor. 
4. Component environment, especially temperature. 
5. Strain limits to be measured. 
6. Flexibility of gauge backing - affects whether a gauge can be bonded, e.g. 
to a circular shaft. 
7. Requirements for protection. 
8. Cost. 
 
 
 
 
2.2.3 Vibrating Wire Strain Gauge 
 
 
Vibrating wire sensors are used in the mining, civil and hydrological 
engineering, and other geophysical disciplines.  Vibrating wire sensors are used in 
the mining, civil and hydrological engineering, and other geophysical disciplines.  In 
practice these elements are used in various sensors designed to measure soil pore 
pressure, strain in structure, rock stress, overburden pressure, etc 
 
 
 
 
2.2.3.1 Measurement of Vibrating Strain Gauge 
 
 
The preferred method for connecting vibrating wire strain gauges is 
differential connection, where the sensor is connected between the +ve and –ve 
terminals of the analog input channels.  Differential connection of a Vibration Wire 
sensor is illustrated below. 
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Figure 2.9: Differential Vibrating Wire Strain Gauge Connection 
 
 
 
Figure 2.10: Differential Vibrating Wire Strain Gauge Connection with Shield 
 
 
A shielded signal cable is optional, however it will often be found necessary 
when noise pick-up is a problem.  The preferred shield connection point is either one 
of the Geologger ground GND terminals or a case ground terminal strip.  
 
 
If the Analog Return terminal of the channel is not used for other purposes, it 
can be used as a shield terminal.  However because the Analog Return terminal is 
internally connected to ground via a 100 Ohm resistor, its effectiveness is not as 
great as a direct connection to ground. (Also if lightning strike is possible, then the 
resistor may be destroyed).  
 
 
Vibrating wire strain gauges which are directly connected to the analog input 
channels as differential inputs are sampled, and the data is returned to the host 
computer when a Schedule containing the channel is executed 
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2.2.3.2 Embedded Strain Gauges 
 
 
Embedded strain gauges are used to monitor changes in strain in reinforced 
concrete and mass concrete. 
 
 
Figure 2.11: Embedded Strain Gauges 
 
 
The strain gauge operates on the principle that a tensioned wire, when 
plucked, vibrates at its resonant frequency.  The square of this frequency is 
proportional to the tension in the wire.  The body of the strain gauge is a steel tube 
with flanges at either end.  Inside the body, a steel wire held in tension between the 
two flanges.  Deformation of the concrete causes the flanges to move relative to one 
another, increasing or decreasing the tension in the wire.  An electromagnetic coil is 
attached to the gauge body.  When activated by a readout, the coil plucks the wire 
and transmits the resulting frequency signal back to the readout.  A change in strain 
is calculated by finding the difference between the initial reading and a subsequent 
reading and then multiplying by a gauge factor. 
 
 
In reinforced or pre-stressed concrete, the strain gauge is usually tied to the 
reinforcing cage, as shown in Figure 2.12.  Some specifications require that the 
gauge be cast in a concrete briquette prior to installation.  In mass concrete 
applications, the gauge may be installed either before or immediately after placement 
of the concrete.  Gauges may be configured in a rosette. 
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Figure 2.12: Installation of Embedded Strain Gauges 
 
 
The advantages of using the embedded strain gauges are: 
 
1. Permanently Attached Coils:  
The coils used to excite and read the vibrating wire cannot be accidentally 
separated from the body during installation and wiring operations.  
 
2. Built-in Temperature Sensor:  
The temperature sensor is useful for temperature corrections when the 
gauge is installed on materials that have a different temperature 
coefficient.  
 
3. Reliable Signal Transmission:  
The arc-weldable strain gauge provides a strong signal, which can be 
transmitted reliably over long distances with properly shielded cable.  
 
4. Custom Gauge Lengths:  
Embedded strain gauges are available in gauge lengths from 50 to 250 
mm (2 to 10 inches). Standard sizes are 140 mm (5.5 inches) and 250 mm 
(9.8 inches). 
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2.2.3.3 Surface Strain Gauges 
 
 
Surface strain gauges are used to monitor strain in steel.  They can also be 
used to monitor strain in concrete or masonry structures.  Typical applications 
include monitoring structural members of buildings and bridges during and after 
construction, monitoring load in struts used to brace deep excavations, measuring 
strain in tunnel linings and supports, monitoring areas of concentrated stress in pipes, 
monitoring distribution of load in pile tests and Monitoring cracks in concrete 
requires long-base strain gauge 
 
 
Figure 2.13: Surface Strain Gauges 
 
 
The strain gauge operates on the principle that a tensioned wire, when 
plucked, vibrates at its resonant frequency.  The square of this frequency is 
proportional to the tension in the wire.  The body of the gauge contains a wire that is 
held in tension between the two end blocks.  The end blocks are fixed to the structure 
via mounting plates.  Loading of the structure changes the distance between the two 
end blocks and results in a change in the tension of the wire.  An electromagnetic coil 
is attached to the body of the gauge.  When activated by a readout, the coil 
magnetically plucks the wire and then transmits the resulting frequency signal back 
to the readout.  A change in strain is calculated by finding the difference between the 
initial reading and a subsequent reading and then multiplying by a gauge factor. 
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Figure 2.14: The Component of Strain Gauges 
 
 
Advantages of Surface Strain Gauges: 
 
1. Field-Adjustable:  
The strain gauge can be adjusted so that most of its range is available to 
measure compression or tension, as required by the application.  
 
2. Permanently Attached Coils:  
The coils used to excite and read the vibrating wire cannot be accidentally 
separated from the body during installation and wiring operations.  
 
3. Built-in Temperature Sensor:  
The temperature sensor is useful for temperature corrections when the 
gauge is installed on materials that have a different temperature 
coefficient.  
 
4. Easy Installation:  
The mounting system ensures that the gauge is not damaged during 
installation of the mounting plates.  Also, this mounting system allows 
repositioning or reuse of the gauge. 
 
5. Reliable Signal Transmission:  
 31
The strain gauge provides a strong signal which can be transmitted 
reliably over long distances with properly shielded cable 
 
 
 
 
2.2.3.4 Weldable Strain Gauges 
 
 
Weldable strain gauges are used with strain gauge sensors and a vibrating 
wire indicator or data logger to monitor strain in steel members.  Typical applications 
include:  
 
1. Monitoring structural members of buildings and bridges during and after 
construction.  
2. Determining load changes on ground anchors and other post-tensioned 
support systems.  
3. Monitoring load in strutting systems for deep excavations.  
4. Measuring strain in tunnel linings and supports.  
5. Monitoring areas of concentrated stress in pipelines.  
6. Monitoring distribution of load in pile tests.  
 
 
Figure 2.15: Weldable Strain Gauges 
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The strain gauge, with its tensioned wire inside, is welded to the structural 
member, so that an increase in tensile strain increases tension in the wire, and a 
decrease in tensile strain decreases tension in the wire.  A strain gauge sensor is 
mounted on top of the strain gauge.  On flat surfaces, the sensor is typically held in 
place by weld-down straps.  On reinforcing and tieback bars, the sensor is often 
secured by cable-ties and tape.  The strain gauge sensor uses an electromagnet to 
pluck the strain gauge and then returns a frequency signal to the readout or data 
logger, where it is converted to units of micro strain or period.  The strain gauge 
sensor also incorporates a temperature sensor, which supplies data for temperature 
compensation.  
 
 
Figure 2.16: Weldable strain gauge installed on reinforcing bar.  The gauge is later 
waterproofed with mastic and tape. 
 
 
The advantages of using the weldable strain gauges are: 
 
1. Very Low Profile:  
The vibrating wire element is positioned only 0.96 mm (0.038 inch) 
above the measured member.  This patented, low-profile design reduces 
errors caused by bending of the structural member.  
 
2. Pre-Tensioned Wire:  
Slope Indicator's weldable strain gauges are delivered pre-tensioned, 
ready for spot welding.  Pre-tensioned gauges eliminate the time-
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consuming, process of tensioning the vibrating wire element in the field.  
Gauges can be ordered in three tension ranges to match virtually any 
application.  
 
3. Full-Length Welding Flange:  
The full length welding flange allows reliable coupling of the gauge to the 
structural member and prevents misalignment of the end points of the 
gauge, a common problem with other strain gauges.  
 
4. Stainless Steel Construction:  
The welding flange and the protective tube that seals the vibrating wire 
are constructed from stainless steel for corrosion resistance.  The wire 
itself is steel, selected to match the thermal characteristics of structural 
steel 
 
 
 
 
2.3 SENSOR TECHNOLOGIES 
 
 
Sensors are devices that provide an interface between electronic equipment 
and the physical world.  They help electronics to ‘see’, ‘hear’, ‘smell’, ‘taste’ and 
‘touch’.  In the interface with the real world, sensors typically convert non-electrical 
physical or chemical quantities into electrical signals (Ljubisa, 1994). 
 
 
 
 
2.3.1 Introduction 
 
 
Microsensors have becomes an essential element of process control and 
analytical measurement system, finding countless applications in, for example, 
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industrial monitoring, factory automation, the automotive industry, transportation, 
telecommunications, computer and robotics, environmental monitoring, health care, 
and agriculture; in other words, in almost all sphere in our life.  The main driving 
force behind this progress comes from the evolution in the signal processing.  With 
the development of microprocessors and application-specific integrated circuits (IC), 
signal processing become cheap, accurate and reliable and it increased the intelligent 
of electronic equipment.  In the early 1980s a comparison in performance per price 
ratio between microprocessors and sensors showed that sensors were behind.  This 
stimulated research in the sensor area, and soon the race was on to developed sensor 
technology and new devices.  New products and companies have emerged from this 
effort, stimulating further and advances microsensors.  Applications of sensors bring 
new dimensions to products in the form of convenience, energy savings and safety.  
Today, we are witnessing an explosion of sensor applications.  Sensors can be found 
in many product, such as microwave and gas ovens, refrigerators, dishwashers, dryer, 
carpet cleaner, air conditioners, tape recorder, TV and stereo set, compact and 
videodisc players (Ljubusa, 1994).  Also in civil structure, the sensors are being 
introduced.  Sensors are used in building, bridge, dam, and etc such as bragg grating, 
fibre optic sensors, and intensity sensor. 
 
 
 
 
2.3.2 Sensor Classification (Ljibisa, 1994) 
 
 
Sensing in the real world requires dealing with physical and chemical 
quantities that are diverse in nature.  From the measurement point of view, all 
physical and chemical quantities can be divided into six domains. 
 
1. The thermal signal domain: the most common signal are temperature, heat 
and heat flow. 
2. The mechanical signal domain: the most common signal are force, 
pressure, velocity, acceleration and position. 
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3. The chemical signal domain: the signals are the internal quantities of the 
matter such as the concentration of a certain material, composition or 
reaction rate. 
4. The magnetic signal domain: the most common signals are magnetic field 
intensity, flux density and magnetization. 
5. The radiant signal domain: the signal are quantities of the electromagnetic 
waves such as intensity, wavelength, polarization and phase. 
6. The electrical signal domain: the most common signals are voltage, 
current and charge. 
 
As mentioned, sensors converted non-electrical physical or chemical 
quantities into electrical signals.  It should be noted that the principle of operation of 
a particular sensor is dependant on the type physical quantities it is design to sense.  
Therefore, it is no surprise that a general classification of sensors follows the 
classification of physical quantities.  Accordingly, sensors are classified as thermal, 
mechanical, magnetic and radiant. 
 
 
There is also a classification of sensors based on whether they use an 
auxiliary energy source or not.  Sensors that generated an electrical output signal 
without an auxiliary energy source are called self-generating or passive.  Sensors that 
generate an electrical output signal with auxiliary energy source are called 
modulating or active.   
 
 
 
 
2.3.3 Sensor Parameter (Ljubisa, 1994) 
 
 
Performance of sensors, like other electronic devices, is described by 
parameters.  The following briefly describe the most common sensor parameter. 
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1. Absolute sensitivity is the ratio of the change of the output signal to the 
change of the measurand (physical or chemical quantities). 
2. Relative sensitivity is the ratio of a change of the output signal to a 
change in the measurand normalized by the value of the output signal 
when the measurand is zero. 
3. Cross sensitivity is the change of the output signal caused by more than 
one measurand. 
4. Direction dependent sensitivity is a dependence of sensitivity on the angle 
between the measurand and the sensor. 
5. Resolution is the smallest detectable change in the measurand that can 
cause a change of the output signal. 
6. Accuracy is the ratio of the maximum error of the output signal to the 
full-scale output signal expressed in percentage. 
7. Linearity error is the maximum deviation of the calibration curve of the 
output signal from the best-fitted straight line that describes the output 
signal. 
8. Hyteresis is a lack of the sensor’s capability to show the same output 
signal at a given value of measured regardless of the direction of the 
change in the measurand. 
9. Offset is the output signal of the sensor when the measurand is zero. 
10. Noise is the random output signal not related to the measurand. 
11. Cutoff frequency is the frequency at which the output signal of the sensor 
drops to 70.7% of its maximum. 
12. Dynamic range is the span between the two values of the measurand 
(maximum and minimum) that can be measured by sensor. 
13. Operating temperature range is the range of the temperature over which 
the output signal of the sensor remains within the specified error. 
 
 
It should be pointed out that in addition to this common parameter, other 
parameters are often used to describe other unique properties of sensor. 
 
 
  
 
 
CHAPTER 3 
 
 
 
 
FIBER OPTIC SENSOR 
 
 
 
 
3.1 INTRODUCTION 
 
 
Fiber optic communication links have revolutionized the telecommunication 
industry by providing low-cost, high-fidelity and very high transmission rate 
capability.  In a similar manner the emerging optoelectronic industry has brought us 
such products as compact disk players and laser printers.  As a result of these 
developments a second revolution is taking shape as fiber optic sensors that take 
advantage of components developed in association with the telecommunication and 
optoelectronic industry begin to enter the market.  These sensors offer a series of 
advantages including small size and weight, immunity of electromagnetic 
interference, which also reduce the cost of shielding, environment ruggedness, high 
multiplexing potential and potentially low costs due to complementary developments 
in the telecommunication and optoelectronic industry.  Application of these fiber 
sensors include fiber optic rotation sensors, accelerometers, vibration sensors, smoke 
detectors, linear and angular position sensor, and strain, temperature and 
electromagnetic field sensor (Eric Udd, 1995). 
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In the early 1980s few components were available and they were expensive.  
This situation resulted in fiber sensors being used in only a few niche markets where 
their advantages were overwhelming.  By 1990 the number of components had 
increased dramatically, the cost of many item had dropped by an order of magnitude 
or more, while the quality and performance increases dramatically.  In the same time 
period, new components, such as fiber couplers, wavelength-division multiplexing 
elements and integrated optical devices became commercially available.  The net 
result was that many more fiber optic sensors became available, penetrating such 
markets as inertial rotation, power system monitoring, and manufacturing and 
process control.  By the year 2000 it can be expected that many more components, 
integrated optical devices, pigtailed light sources and fiber couplers will be available 
at low cost.  The result will be the wide spread proliferation of the fiber optic sensors 
and their use in industrial control systems and rapidly evolving area of fiber optic 
smart structures that includes health maintenance and diagnostic system for 
aerospace vehicles and civil structures (Eric Udd, 1995).   
 
 
 
 
3.2 FIBER OPTIC SENSOR TECHNOLOGY 
 
 
Fiber optic sensors are often categorized as being either extrinsic or intrinsic.  
Extrinsic or hybrid fiber optic sensors have an optical fiber carry a light beam to and 
from a ‘black box’ that in response to an environment effect modulates the light 
beam.  Intrinsic or all-fiber-optic sensors are sensors that measure the modulation of 
light by an environmental effect within the fibre.  Extrinsic sensors have found 
commercial use as linear and angular position sensors for such application as fly-by-
light, and the area of temperature, pressure, liquid level and flow measurements in 
process control.  An important subclass of intrinsic fiber optic sensors are the 
interferometric sensors, which often exhibit high sensitivity and are competing with 
conventional high-value sensors in such areas acoustic and rotation sensors (Eric 
Udd, 1995). 
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3.3 SENSORS FOR FIBER OPTIC SMART STRUCTURE 
 
 
Fiber optic sensors have a number of advantages with respect to conventional 
electronic sensor technology when applied to smart structure applications.  One of 
the most important is that these sensors are very light in weight and small enough 
that they can be embedded in a material in a non-obtrusive manner that does not 
degrade structural integrity.  A second key feature of the fiber sensor technology is it 
all passive.  Since the fibers are dielectric glass, conductive paths are eliminated, 
reducing hazards due to internal electrical discharges and lightning.  This is 
particularly important when organic composite materials are used that could be 
laterally be blown apart of a lightning strike.  This eliminates the need for the heavy 
electrical cable and shielding that is needed to support the very low-level signal 
levels of electrical sensors, which can be tremendous factor reducing weight while 
mitigating electrical hazards.  A third major area is the environmental ruggedness of 
fiber sensors, which allows their performance at temperature that would reduce many 
electrical sensors to metal puddle while having intrinsic fiber strengths that compare 
favourably to steel.  Finally, one of the most important advantages of fiber optic 
sensor technology is that they can be multiplexed to form many sensors along a 
single fibre line (Eric Udd, 1995).   
 
 
Some of the issues to be addressed when designing fiber optic sensors to 
support a fiber optic smart structure system are the parameter to be sensed (strain, 
temperature, viscosity, degree of core), the gauge length over which the 
environmental effect must be measured, the number of fiber sensors to be 
multiplexed, the diameter of the fiber sensor and the dynamic range and sensitivity of 
the sensor.  In many case, the overall cost of the system and concern about structural 
integrity are overriding issues.  For the latter reasons most of the finer sensors being 
investigated have low cost potential and in general are of a size that is no larger or 
minimally larger than overall diameter of the optical fiber itself (Eric Udd, 1995).   
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As the conclusion, fiber optic sensors have the potential to enable fiber optic 
smart structure system that would be difficult or impossible to implement using 
conventional electronic technology.  This is due to their small size and weight, 
electrical isolation, environmental ruggedness and ability to be multiplexed. 
 
 
 
 
3.4 TECHNIQUE USED IN FIBRE OPTIC 
 
 
Early applications of optical fibers are endoscopes in the medical field and 
the transfer of data in telecommunication.  The earliest known developments of fiber 
optic sensors are in the late 1970’s.  Perhaps the most important attribute of fiber 
optics sensors is that they are immune to electrical and electromagnetic interference.  
Other attributes include the fact that they are lightweight, flexible to conform to 
intricate geometry, have high sensitivity, and resist corrosion and fatigue.  However, 
application of fiber optics requires trained professionals, and the cost of 
demodulators is sometimes significantly higher than other competing technologies.  
Fiber optics sensors are primarily used to sense displacement and temperature.  Many 
techniques have been used including Bragg grating, intensity sensors, 
interferometric, and optical time domain reflectometry (OTDR).  New techniques 
have also been proposed to measure cracks, and using chemical changes outside the 
fiber to detect corrosion.  The options of using fiber optics, as part of the sensor is 
practically limitless (Peter C.Chang, 2003). 
 
 
 
 
3.4.1 BRAGG GRATINGS 
 
 
Fiber Bragg Gratings (FBGs) are spectral filters fabricated within segments 
of optical fiber by exposing the fiber to ultraviolet light or high-power lasers.  The 
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result is effectively a tuned narrow band optical filter.  The filter (FBG) can be used 
in either transmission or reflective modes.  The latter is commonly used for its 
simplicity.  They typically reflect light in the 400–2,000 nm wavelength range with a 
typical bandwidth of 0.1–0.2 nm, and transmit all other wavelengths.  Typical length 
of FBG is 10 mm.  The Bragg wavelength is centered at 1500 nm where the fiber 
loss is lowest.  If strain and temperature are to be measured simultaneously, it is 
necessary to use an unstrained reference grating to measure the temperature (Peter 
C.Chang, 2003). 
 
 
According to Peter C.Chang, (2003), to function as a sensor, a broadband 
light source is used as an input into the fiber.  The FBG reflects the color with a 
wavelength corresponding to the grating spacing.  As the fiber is strained, the grating 
space varies, causing a shift in the reflected wavelength.  The reflected wavelength is 
an absolute parameter and it is independent of the light power or loss in the signal 
transmission.  This characteristic is believed to be the most salient feature of FBG.  
The reflected light is demodulated, and the reflected wavelength(s) are obtained. 
Resolution of 1µε and 0.1°C can be obtained when using the best demodulators. 
 
 
Another advantage of Bragg gratings is that a grating of different period can 
be put on the same fiber.  Putting multiple gratings on the same fiber is known as 
multiplexing.  The number of gratings is limited by the dynamic range and the light’s 
bandwidth.  In civil engineering applications where strains are expected to be 
relatively large, typically less than 10 gratings can be placed on the same fiber to 
avoid overlapping the frequency ranges (Peter C.Chang, 2003).  The fiber grating 
filters introduced interest to sensor system because (Eric Udd, 1995): 
 
1. Optical fiber gratings respond to strain and can be applied as all-
dielectric replacements for conventional stain gauges. 
2. A large number of FBGSs can be placed to predetermined locations on a 
single fiber string to create an array of quasi-distributed, quasi-point 
sensors. 
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3. The FBGSs on the filter string can be interrogated in transmission (a two-
connector system) or in reflectance (a one-connector system). 
4. WDM (wavelength-division multiplexing) and TDM (time-domain 
multiplexing) instrumentation can be configured to address a number of 
fiber string simultaneously.  
5. Optical fiber grating filters can be used as components in instrumentation 
for demultiplexing and signal processing of signals from remotely 
located fiber grating sensors. 
6. The FBGSs fabrication method can be extended to provide relatively 
low-cost, highly available devices. 
7. FBGSs devices have material and geometry characteristics that make 
them compatible with many diagnostic applications, such as embedded in 
composite smart structure. 
 
 
 
 
3.4.1.1 Physical Properties (Eric Udd, 1995) 
 
 
The physical properties of a candidate sensor are important in smart structure 
applications.  The device must provide significant function without significant 
compromise.  Hence, any structure embedded in a composite should live as long as 
the structure and not induce premature failure.  The FBGS technology leads directly 
to satisfaction of these requirements.  To demonstrate this, the basic physical 
properties are described and rule-of-thumb smart structure constraints are addressed.   
 
 
Optical fibers are fabricated from fused silica, one of the most ideal, high-
temperature elastic materials known.  Freshly drawn silica filaments exhibit ultimate 
tensile strengths of the order of 1 Mpsi for short test sections, approaching the 
inherent strength of the basic constituent.  Manufacturing compromises imposed by 
mass production constraints and non-ideal coatings generally lead to a generic fiber 
with a functional tensile strength of about 800kpsi.  When this parameter is 
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considered along with the Young’s Modulus (10Mpsi), one finds that a high-quality 
optical fiber can survive strain approaching 8%.  These are important reference 
figures because they imply that the basic materials of the FBGS are stronger than the 
matrix material used in most composite structures and that basics FBGS material can 
operate to a higher strain-to-failure than many of the reinforcing filaments utilized in 
higher-performance composite structures. 
 
 
The next consideration is the problem of integration.  FBGS devices can be 
attached to structures with appropriate adhesives.  Recent experience indicates that 
such installations are longer lived than conventional strain gauge installation.  For 
instance, adhesively bonded optical fiber can be used for delamination detection on a 
full-scale, graphite-reinforced helicopter tail.  During laboratory simulation tests, the 
optical fiber installation survived more than million test cycles without failure, 
whereas conventional strain-gauging required new installation every few thousand 
cycles.  Keep in mind that this durable performance strongly depends on proper 
selection of adhesive and optical fiber coatings.   
 
 
Coating for optical fiber is a very important issue to address.  Generally, 
speaking, one can select from low-temperature/low-modulus polymers, high-
temperature/high-modulus polymers, ceramic-like and metal coatings.   
A better choice for smart structure applications is the category of high-
temperature/high-modulus polymer coating such as polyimides.  These coatings 
typically increase the fiber diameter by only 10µm while providing good adhesion to 
epoxies and demonstrating no significant chemical or mechanical degradation during 
typical epoxy curing program.  In addition, our experience indicates that strain is 
adequately transferred through the thin, hard polyimide coating to provide good 
diagnostic measurements.  For smart structure application, the fiber grating sensors 
are protected by a polyimide coating.   
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Figure 3.1: Setup for making Bragg grating in optical fiber 
 
 
To create a FBGS, the polyimide coating is removed over the fiber length 
required for exposure.  Using the exposing system highlighted in Figure 3.1, a series 
of index perturbations is written into the core with a total pattern length that is 
programmable between 1mm and several centimetres.  The period of the index 
perturbations is adjusted to produce a strong Bragg reflection at the optical 
wavelength of interest and the strength of the high-spatial-frequency perturbations on 
the order of 1 part in 1000 or less.  After exposure, the stripped portion of fiber is 
recoated with the polyimide to restore it durability. 
 
 
 
 
3.4.1.2 Optical Properties (Eric Udd, 1995) 
 
 
In general nature, the FBGS is simply a tuned optical filter.  The fabrication 
procedure enables us to write the grating with resonant wavelength between 400 to 
2000nm.  The resonant filter has a typical bandwidth on the order of 0.1nm in the 
1300nm band and transmission loss of up to 100%.  Since the optical filter is indeed 
a Bragg grating, this transmission loss is due to a 100% reflection of the optical 
signals in the bandwidth of the filter back along the axis of the filter to the 
transmitter.  Example spectra are provided in Figure 3.2.  Again, it is important to 
note that the reflectivity (or transmission loss) can be programmed to as little as a 
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few percent by reducing the accumulated exposure of the fiber.  The excess loss due 
to the filter in the fiber has been measured and shown to be less than 0.001%, 
implying excellent efficiency for use in complex sensing configuration.   
 
 
Figure 3.2: FBG instrumentation 
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The width of the filter function is, to a large degree, dependent on the length 
of the grating through an inverse relationship.  Hence, simple methods associated 
with changing the length exposed fiber can be used to modify the effective Q value 
of the filter.  Using such methods, grating as broad as 2nm have been fabricated.  The 
inverse dependency of the filter Q value on length is not perfect relationship, due to 
interaction between the fundamental filter perturbations and a background change in 
average index of refraction of the exposed region of the fiber core.   
 
 
Further, the shape of the filter function is dependent on a large number of 
index perturbation parameters and is simple only for a weak grating.  In the case of a 
weak exposure over a short length of fiber, the intensity distribution of the exposing 
irradiation pattern will have strong impact on the filter function shape.  For instance, 
a uniform illumination pattern will yield a filter function with significant sidebands 
associated with the sinc function, while Gaussian-like illumination function can be 
associated with minimum sidebands.  A symmetric feature can develop in the shape 
for strong gratings over short lengths of fiber or for weaker gratings over length.   
 
 
When the grating region of the optical fiber disturbed in a fashion that 
modifies the distribution of index perturbations, the filter function changes.  For 
small, uniformly distributed, longitudinally aligned strain changes, the peak in the 
filter function will shift to longer wavelengths or shorter wavelengths corresponding 
to either tension or compression in the spacing of elemental perturbations.  The 
response of a typical filter in the 1300-nm range used as a strain gauge is about 1-nm 
per 1000µstrains.  Note that the devices also respond to temperature change with a 
responsivity of about 0.01nm per 0C.  These responsivity parameters scale with the 
peak wavelength of the filter function.  Care must be exercised in establishing the 
geometry of the measurement layout because weak, non-uniform strain distribution 
will be sensed as the integrated strain level over the length of the grating.  On the 
other hand, strong, non-uniform strain distribution can significantly disturb the basic 
uniformity of the index perturbations in the fiber and cause distortions in the filter 
function.  Such distortions can effect the operation of some instrumentation, 
methods.  Hence, as a precautionary procedure for strain measurements, one should 
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use only straight layouts off the optical fiber gauge section.  Outside the fiber region, 
the fiber can bend with a radius of curvature approaching a few millimetres to 
accommodate complex input-output lead routing requirements.   
 
 
Advanced sensor and instrumentation methods are presently under 
development to address the mixing strain and temperature response.  For instance, 
some fiber designs minimize one or the other parameter, and other fiber designs 
provide differing sensitivities at different wavelengths.  Combined with advanced 
instrumentation, one parameter will be rejected or the two parameters will be 
resolved separately.   
 
 
During most measurement the temporal response limitation is dependent on 
the transmitting and receiving instrumentation.  For instance, the grating sensors 
slowest strain response is limited by the acoustic transit time across the gauge length, 
implying a rise time of less than 1µs. Or for a uniform transverse field, one might 
expect a response as fast as 10n. So for all but ultrasonic application, the bandwidth 
of the detector system and associated signal-to-noise limitations will determine the 
measurement performance for many systems. 
 
 
 
 
3.4.1.3 Sensing Concept (Eric Udd, 1995) 
 
 
The simplest arrangement of apparatus is very effective for static strain 
measurement with moderate resolution and is configured around a transmitter 
consisting of a broadband light source and a narrowband-tunable receiver, a 
conventional laboratory spectrometer, as shown in Figure 3.3.  In the arrangement, 
arc lamps, light-emitting diodes (LEDs) and superluminescent diodes (SLDs) have 
been used successfully to produce adequate strain measurement for many initial 
smart structures testing requirement.  A typical spectrometer provides a resolution of 
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about 0.1nm, corresponding to about 100µstrain for a FBGS in the 1300-nm band.  
Depending on the type of signal processing used to analyse the resulting data, the 
reflection spectrum of Figure 3.3 may be easier to process.  In addition, when one 
tries to interpret strain signals resulting in less than 0.1-nm perturbations of the 
spectral peak, the noise of the light-source spectrum becomes important.  One should 
select LEDs and SLDs with a minimum of spectral ripples from residual 
longitudinal-mode effects. 
 
 
Future smart structure applications anticipate the need for multiple sensors.  
Hence an expansion of the basic measurement method is required.  The concepts 
utilizing wavelength-division multiplexing (WDM) are easily accommodated by the 
strain response of the FBGS and the ability to fabricate the sensors with a 
programmable centre wavelength. As one extends the concept to an array of FBGS 
devices, some limitations are encountered.  For the broadband transmitter case, one 
limitation is encountered.  For the broadband transmitter case, one limitation is 
associated with the spectral width of the transmitter light source.   
 
 
Figure 3.3: Basic Sensor System 
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An alternative instrumentation method can implement a rapid temporal 
response measurement without compromising the resolution of low-level strains.  It 
utilizes a narrowband-tunable transmitter with spectral width less than the grating 
sensor.  In this configuration the receiving detector is very simple and has a broad 
temporal response.  Operation is based on the perspective that the remote sensor is 
dynamic filter used to program the loss of the narrowband transmitter signal through 
the sensing fiber (Figure 3.4).  Vibration in the structure change the peak of the 
sensor filter function and modulate transmission losses, yielding dynamic strain 
resolution to about 1µstrain.   
 
 
Figure 3.4: Active Damping with Bragg Grating Sensor 
 
 
 
 
3.4.1.4 Applications to Civil Engineering 
 
 
There is growing concern over the state of civil infrastructure in both the US 
and Europe.  It is essential that mechanical loading be measured for maintaining, 
bridges, dams, tunnels, buildings and sport stadiums.  By measuring the distributed 
strain in buildings one can predict the nature and grade of local loads, for example 
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after an earthquake, whereas the mechanical health of bridge is increasingly under 
scrutiny, as old structures are often excessively loaded leading to a real possibility of 
increased structural failure rates.  In fact, a 1996 US Department of Transportation 
survey estimates that 40% of all bridges in the United States are seriously 
deteriorated.  There is concern with 50-year-old railroad bridges in the US as 
regulatory limits on railcar loads are relaxed.  The current inspection routine depends 
on periodic visual inspection.  The use of modern optical-based sensors can lead to 
real time measurements, monitoring the formation and growth of defects and optical 
fibers sensors allow for data to be transmitted over long distances to a monitoring 
location.  The advantage of optical fiber is that they may either be attached to an 
existing structure or embedded into concrete decks and supports prior to pouring, 
thereby monitoring the curing cycle and the condition of the structure during its 
serviceable lifetime.  One of the most important applications of Bragg gratings as 
sensors is for ‘smart structure’ where the grating is embedded directly into the 
structure to monitor its strain distribution, however, for error-free, quasy static strain 
measurement temperature compensation of thermal fluctuation is required.  This 
could lead to structures that are self-monitoring or even self-scheduling of their 
maintenance and repair through the union of optical fiber sensors and artificial 
intelligence with material science and structural engineering.  Several types of fiber 
optic sensor are capable of sensing structural strain, for example, the intrinsic and 
extrinsic fiber Fabry-Perot sensor.  For example, Lee et al have used the multiplexed 
array of 16 fiber Fabry-Perot sensors to monitor strain on the Union Pacific Bridge 
that crosses the Brazos River at Waco, Texas.  The fibeer sensors located at fatigue 
critical point to measuring dynamics loads induced by train crossing the bridge, with 
the recorded data correlating well with those recovered by resistive strain gauges.  
Nevertheless, the general consensus is that fiber Bragg gratings are presently the 
most promising and widely used candidates with smart structures.  The 
instrumentation for multiplexing large grating sensor arrays can be the same, offering 
a potentially low cost solution for monitoring structural strain.  As the wavelength 
shift with strain is linear and with zero offset, long-term measurements are possible 
and because the measurement can be interrupt-immune one can avoid perpetual 
monitoring of a structure, performing periodic measurements when necessary (K. T. 
V. Grattan, 2000). 
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3.4.2 INTENSITY SENSORS 
 
 
Intensity sensors have primarily been used to measure strain over a relatively 
long gauge.  Because the light intensity decreases as the fiber is strained, strain in the 
fiber can be inferred by measuring the light intensity on the far end of the fiber.  An 
unstrained reference fiber of the same length placed in the same environment is 
usually used to compensate for the changes due to temperature.  This type of sensor 
has been commercially produced in Europe (Peter C.Chang, 2003). 
 
 
An alternative intensity sensor is the microbending displacement sensor.  
These sensors contain a twisted pair of fibers.  As the pair of fibers is stretched, a 
small amount of bending takes place, and the light transmitted through the fiber 
changes in intensity.  Measurement of this light intensity can be used to infer the 
change in length of the fibers (Peter C.Chang, 2003). 
 
 
In this method a beam of light coming out of the fiber is incident on the 
diaphragm and its reflects back into the fiber.  The intensity of the reflected light is a 
function of the deflection because the beam is not a parallel beam and it diverges as 
it goes though the medium outside of the fiber. 
 
 
The divergence of the beam coming out of the fiber is modeled with Gaussian 
beam.  In the Gaussian beam, the intensity of a point in the beam is given by the 
following equation: 
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Where Io is the intensity on the axis of the beam and A is a constant and f(z) 
is the beam spot size.  This spot is an increasing function of the total distance that the 
beam travels outside of the fiber: 
 
 
 
Now the power that is reflected back into the fiber decrease as z increase and 
this can be seen in the figure below.  The power as a function of z (P(z)) helps up to 
relate the deflection of the diaphragm (with affects z) to the optical power and this 
allows us to relate the pressure to the optical power. 
 
 
Figure 3.5: Gaussian beam assumption for the light beam coming out of the fiber. 
 
 
 
Figure 3.6: Experimental data of the intensity-based system 
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In this method if the power of the source changes as a result of normal 
fluctuation in power.  This may affect the measurements since the reflected power is 
proportional to the source power and deflection-induced changes in the power are of 
the same magnitude.  Other parameters like the attenuation and losses in the network 
or detector response can also affect the measured intensity. 
 
 
 
 
3.4.2.1 Intensity modulated Sensor 
 
 
An intensity-modulated sensor must change the intensity of the measured 
light in a way that can be predicted. There are several ways of achieving this. The 
simplest one is the transmission or reflection concept. Other concepts are those of 
micro bending intrinsic sensors. 
 
 
The transmission/reflection concept is normally used as a digital switch but 
can also be used as an analogue detector. It works by simply move the detector or a 
mirror a distance R away from the fiber center. 
 
 
When an optical fiber is bent, small amounts of light will be lost as the angle 
of incidence between the transmitted light and the fiber’s walls change due to loss of 
total internal reflection. This is called micro bending and is a way to detect a 
displacement in a closed optical path. As the path is closed, the micro bending 
optical sensor can be used in dirty environments. 
 
 
The intrinsic sensors have the advantage that the intensity can be changed 
without any actual movement of the fiber. Instead, they use the chemistry in the core 
glass by changing e.g. the refractive index, absorption through the walls or 
polarization to cause the change in intensity. Important applications of intrinsic 
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sensors are temperature and pressure measurement. Another important technique that 
we will investigate more further in this report is that of Bragg gratings. When it 
comes to temperature sensing, we will describe different techniques, both extrinsic 
and intrinsic. 
 
 
 
 
3.4.3 INTERFEROMETRIC SENSORS 
 
 
Mach–Zender, Michelson, and Fabry–Pe´rot are different forms of 
interferometric sensors.  They operate on the principle that light signals from a 
strained fiber are integrated with the signal from another unstrained (reference) fiber 
with the same length and material characteristics.  When these slightly different 
signals are superimposed, a sinusoidal wave form is produced.  The period of this 
wave form can then be calibrated against strain (Peter C.Chang, 2003).   
 
 
Figure 3.7: Three Interferometric Design 
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3.4.3.1 Interferometric Temperature Sensors 
 
 
Fiber optic interferometric techniques are applicable for measuring almost 
any physical quantity.  Since interferometry yields high resolution measurements of 
length, fiber optic techniques have been developed where a measurand is converted 
into a change of displacement.  Temperature is one such measurand, and for anyone 
in need of high-precision temperature measurements, fiber optic interferometers are 
an important alternative.  Fiber optic versions of all the well-known interferometers 
are available:  Michelson, Fabry-Perot, Sagnac and, perhaps most common, the 
Mach-Zender interferometer.  The basic idea is simple: send light through two fibers, 
a reference fiber and a sensing fiber.  As the physical dimensions of the sensing fiber 
are changed by the measurand (temperature) there will be a phase difference between 
the lights traveling through the two fibers.  The phase difference can be measured by 
"counting fringes", transformed into a physical dimension change which, in turn, 
gives information about the measurand. 
 
 
 
 
3.4.3.2 A Fiber Optic Fabriy-Perot Temperature Sensor 
 
 
 
Figure 3.8: Principle sketch of a dual fiber-optic Fabry-Perot sensor. 
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An LED used as a (low-coherence) light source.  The advantages of using a 
low-coherence source in comparison with a semiconductor laser are, among others, 
that there is no need to compensate for thermally induced shifts in the emission 
wavelength of the laser, that we are not limited to select device for single-mode 
operation, and of course that LEDs are cheaper than lasers.  These advantages will 
have to be paid for with a somewhat smaller sensitivity.  The sensor uses two Fabry-
Perot interferometers (FPI), one for sensing and one for reference.  Similar sensors 
using other types of interferometers also exist.  Light from the LED is modulated by 
reflection, first by the sensing FPI and then by the reference FPI.  After a bit of 
mathematics, one can show that the power output is proportional to (1 + 0.5cos ∆φp) 
where ∆φp is the phase shift due to the perturbation applied to the sensor 
interferometer.  Measurements show that the phase shift is linearly dependent on 
temperature in a range of 26 to 108 degrees Celsius.  The basic principle is shown in 
Figure 3.8. 
 
 
The sensitivity obtained with this dual FPI sensor is somewhat smaller than 
that of a single FPI sensor using a laser source.  This is due to a lower fringe 
visibility and a lower optical power being coupled into the fiber.  Yet, excellent 
performance is possible: sensitivity of the order of 0.0002 degrees is calculated at the 
maximum sensitivity point (compare this with 0.1 degrees for the simple sensor 
described earlier).  The reduction in fringe visibility can, however, reduce the 
temperature range of the sensor.  This drawback can, to some extent, be compensated 
for by shortening the FPI length, which varies with temperature.  This variation is the 
reason of the lowering of fringe visibility with increasing temperature. 
 
 
 
 
3.4.4 OPTICAL TIME DOMAIN REFLECTOMETRY (OTDR) 
 
 
This technique is based on intensity measurement of distributed sensors. 
OTDR is an instrument that measures the time of flight of light signals.  If a strain is 
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induced at any point along the length of the fiber, a change of intensity is reflected 
back to the OTDR.  The OTDR records the time it takes for the light signal to reflect 
from the strained location, and converts this time into distance.  In this way, the 
location along the fiber where the anomaly occurs can be determined (Peter 
C.Chang, 2003). 
 
 
Time domain reflectometry is a proven method of detection of physical 
problems in electrical and optical transmission lines.  A transmission line is a wave 
guiding system along which electromagnetic waves can travel. It typically has at 
least two parallel conductors.  Examples are telephone lines and television cables.  
The key difference between transmission lines and conventional circuits is the size.  
A transmission line is long compared to the signal wavelength.  As a result, signals 
cannot travel instantaneously from one end to the other, because there will be a 
propagation delay and phase change. 
 
 
TDR is a well-established technique in the field of electrical engineering that 
has been used since 1940’s to detect faults in transmission lines.  It involves sending 
an electrical pulse along the transmission line and using an oscilloscope to observe 
the echoes returning back from the line.  Any discontinuity will cause a reflection.  
From the transit time, magnitude, and polarity of the reflection, it is possible to 
determine the spatial location and nature of the discontinuity.   
 
 
A time domain reflectometer is usually configured as shown in Figure 3.9.  
The pulse generator generates a fast rising step wave or pulse.  This wave is launched 
into the transmission line.  A high impedance oscilloscope is connected to monitor 
the wave. 
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Figure 3.9: Functional block diagram for a typical time domain reflectometer 
 
 
 
 
3.4.4.1 Differential TDR Measurement 
 
 
In field applications involving complex structures like an actual bridge, noise 
will be present in the TDR measurements.  One type of noise is random noise.  
Whether in the lab, or in the field, small amounts of random noise will be present.  
However, it has been shown that one can average the results of several measurements 
to effectively mask the random noise.  Another type of noise in the signal can be 
created by 
 
a) Electric field disturbance caused by steel components near the cable being 
tested, 
b) Variations in d, the distance between the steel cable and the sensing wire, 
since the characteristic impedance depends on d. 
 
 
While noise created due to these reasons can be relatively large, it is repeatable.  
Once a concrete girder is instrumented, the location of the steel components causing 
noise, and the distance d between the steel strand and sensing wire will remain 
constant.  Therefore, the noise will be repeatable.  Differential TDR measurement 
can be used to effectively distinguish corrosion sites from repeatable noise.  If 
several TDR measurements are made for the same strand over a long time period, the 
later TDR results should be identical to the former ones except for the corrosion 
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sites.  A differential comparison of stored signals with newly measured ones can 
reveal corrosion that occurred between the two measurements.  The differential TDR 
method has been tested experimentally.  Figure 3.10 shows TDR results obtained 
from a 1-meter sevenwire strand bare sample.  This sample has two severed strands 
over a 4.0cm length, 48cm from the front end of the sample.  From waveform 1, it is 
hard to tell whether or not the sample is damaged and where the damage is.  
However, if this waveform is differentially compared with waveform 2, which is the 
TDR return obtained from the same sample when it did not have any electrical 
discontinuities, the damage site can be easily identified. 
 
 
Figure 3.10: TDR results obtained from a 95cm seven-wire strand sample before 
(waveform 2) and after (waveform 1) a simulated damage is made to the sample.  
The differential comparison in the bottom curve reveals the damage site. 
 
 
 
 
  
 
 
CHAPTER 4 
 
 
 
 
CASE STUDY 
 
 
 
 
4.1 INTRODUCTION 
 
 
Three case studies are carried out which involve different fiber optic sensors.  
The main purpose is to carry out comparative study of various sensor technologies 
applicable to structural monitoring. 
 
 
Case study I involves the study of Fabry-Perot strain sensor types of fiber-
optic strain gauges.  It is an embedded fiber optic (EFO) that is used for structural 
and geotechnical monitoring (Marco Quirion, 2000).  Comparison is made by the 
Fabry-Perot strain gauge and normal compressive strength test.  Case study II also 
involves the case study of Fabry-Perot strain gauge but it was compared with the 
Fiber Bragg Grating (FBG) and electrical resistance strain gauge.  This fiber optic 
sensor can be used in concrete bridge deck for long structural health monitoring 
(Burong Zhang, 2003). 
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While in case study III describes FBG as strain/stress sensors for monitoring 
the critical section of series of some composites beams.  The composite beams here 
are pre-stressed beam.   
 
 
The description of each case study is also provided to understand the sensors 
and these are important for further comparison of the sensor.  Additionally, there 
have many competitions to develop new technology product to monitor the structural 
health.  Thus, there is a need to understand the specification, applications and 
operations of the sensors in the specific and detail aspect.  Furthermore, the study of 
new sensors is important to gain experience and knowledge in the field of structural 
monitoring health.  
 
 
The review of the system for each case study is also carried out.  It involves 
the identification of comparison merits of the sensors selected.  Such comparison 
serve as a useful guide in the selection of types of fiber optic sensor that suitable for 
every structure. 
 
 
 
 
4.2 CASE STUDY I 
 
 
The field of instrumentation is now going through new developments with the 
advent of fiber optic strain gauges.  Fabry-Pe´rot is one type of fiber-optic sensing 
technology that can be used for micro-strain measurement of concrete.  However, 
this new generation of strain gauges first needs laboratory investigation.  The Fabry-
Pe´rot type of sensor, specially designed for embedment in concrete, is evaluated.  
The sensor is protected by steel sleeve that allow its installation in concrete elements.  
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4.2.1 Description of the Sensor (Marco Quirion, 2000) 
 
 
A FOS is an optical fiber of a given length that modulates the light traveling 
inside the fiber in response to environmental changes.  Bragg gratings, microbend 
sensors, and Fabry-Pe´rot are different technologies of fiber-optic sensing that are 
available, among many others (Udd 1995).  Fabry-Pe´rot strain sensors, based on 
interferometry principles, are particularly interesting for localized strain sensing. 
 
 
The Fabry-Pe´rot sensor consists of two optical fibers, separated by a certain 
distance, fixed in a microcapillary tube.  Figgure 4.1 shows a schematic 
representation of the Fabry-Pe´rot sensor, and Figure 4.2 shows the arrangement of 
the sensor in the steel casing for embedment in concrete. Figure 4.3 is a photograph 
of the Fabry-Pe´rot EFO strain gauge presenting 0.01% precision and a response of 
100 readings/s. 
 
 
Figure 4.1: Fabry Perot Fiber Optic Strain Sensor 
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Figure 4.2: EFO Strain Gauge; Fabry-Perot Sensor is Bonded inside Steel Body 
Allowing Embedment in Concrete. 
 
 
 
Figure 4.3: Fabry-Perot EFO Strain Gauge 
 
 
Interferometry principle is based on wave interference phenomenon and the 
Fabry-Pe´rot interferometer (FPI) is a well-known device developed by physicists to 
measure precise physical quantity as small displacement and wavelength. 
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In the case of Fabry-Pe´rot sensor, a white light signal is launched at one end 
of the fiber optic and reaches the (Fabry-Perot Interferometric) FPI fixed at the other 
end.  The light is reflected back from the FPI and is said to be modulated by the FPI.  
The modulated light signal coming out of the FPI is a function of the wavelength of 
light λ and the cavity length d (Figure 4.1).  As the wavelength of white light is 
fixed, only cavity length d variation will contribute to modifying the output signal.  
A strain variation will produce a variation of microcapillary tube length and a change 
in the cavity length d; this change in the cavity length will, in return, produce a 
change in the reflected light signal.  
 
 
For absolute strain calculation, no calibration curves are necessary but a 
gauge factor must be provided.  In fact, the gauge factor is the distance L between the 
fusion splices, as indicated on Figure 4.1.  Strain calculation is achieved using this 
value and the value of cavity length d as indicated below 
 
 
 
 
 
 
4.2.2 Overview of the Test 
 
 
A concrete cylinder with an EFO strain gauge placed axially has been 
prepared, as shown in Figure 4.4.  Then, the data of strain/stress of this sample will 
be determined by using compressive strength and the data get from the sensor itself. 
This data then will be compared. 
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Figure 4.4: Representation of Physical Model; EFO Strain Gauge is Embedded 
Axially in Concrete Cylinder 
 
 
 
 
4.3 CASE STUDY II 
 
 
This case study presents laboratory experimental results on new Fabry-Perot 
fiber-optic sensors to verify their behavior and applicability for strain monitoring of 
engineering materials and structures.  Fabry-Perot fiber-optic sensors were 
investigated and compared to electrical resistance strain gauges and fiber Bragg 
gratings.  The fiber-optic sensing technology shows an enhanced accuracy and has 
potential for significant improvement in long-term strain monitoring over 
conventional strain gauges in field applications. 
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The main objective of this research is to assess the performance of new 
Fabry-Perot fiber-optic sensors for strain monitoring of engineering materials and 
structures in comparison with electrical strain gauges.  The field application and 
performance of the fiber-optic sensors in a concrete bridge deck for long-term 
structural health monitoring 
 
 
 
 
4.3.1 Description of the Sensor (Burong Zhang, 2003) 
 
 
Optic fiber systems have been developed during the past three decades for 
primary applications in long-distance, high-speed digital information 
communication.  Optic fibers are typically cylindrical and consist of central core 
regions of material surrounded by concentric cladding regions and surrounding 
coating.  Typical outer dimensions of fiber claddings are more than 100 mm; core 
dimensions are, in part, determined by the desired wave-guiding properties of the 
fiber.  Optical fibers come in two configurations—multimode (core size of 50–100 
mm) and single mode (core size of less than 10 mm).  Single mode fibers have 
smaller attenuation and broader bandwidth (about 100 GHz.km) than the best 
multimode fiber (about 1 GHz.km) available today.  Both the core and the cladding 
are made from glass or plastic, and the surrounding coating is made from an acrylate 
or polyimide material for protecting the optic fiber.  The materials in the core and the 
cladding of the fiber are designed to have slightly different indices of fraction.  The 
index of the core is required to be slightly greater than the index of the cladding, so a 
relatively large family of light rays incident at the core/cladding interface is 
repeatedly reflected back into the core of the fiber upon multiple reflections and 
effectively contributes to light propagation along the length of the fiber.  The 
softening temperatures associated with the different claddings are about 100°C for 
acrylate and 400–500°C for polyimide. 
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Figure 4.5: Schematic of Fiber Bragg Grating 
 
 
There are two different types of fiber-optic sensors currently used in civil 
engineering structures—the intrinsic Bragg grating and the extrinsic Fabry-Perot 
gauge.  A fiber Bragg grating (FBG) is fabricated by creating a modulation in the 
glass fiber index of refraction over a local region (i.e., the gauge length) using 
ultraviolet radiation.  Either a broadband light emitting diode or a tunable laser over a 
specified wavelength range can be used as a light source.  The grating reflects the 
incoming broadband light in a very narrow spectrum centered about the Bragg 
wavelength, defined by 
 
 
 
where λ0=Bragg wavelength; n0=average effective index of refraction of the grating; 
and Λ=pitch spacing of the grating, as shown in Figure 4.5. Thus, the FBG provides 
a linear response based on the measurement of wavelength shift (∆λ) due to straining 
of the grating.  The corresponding strain associated with this wavelength shift is 
given by 
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where ∆λ=λ-λ0; GF=FBG gauge factor, typically about 0.75–0.82; µ=strain; 
β=thermal-optic coefficient for the FBG; and ∆T=temperature change relative to a 
calibration reference temperature for the FBG sensor. 
 
 
Figure 4.6: Schematic Priciple of Fabry-Perot Fiber Optic Sensor 
 
 
The Fabry-Perot sensor, based on interferometry principles, consists of two 
50/125 µm multimode optical fibers, separated by a certain distance and fixed in a 
glass capillary tube with an overall diameter of 200–250 µm, as depicted in Figure 
4.6.  The ends of the fibers that are inserted into the capillary are polished and 
contain a semi-reflective coating (mirror).  The air gap between the two mirrors is 
called the Fabry-Perot cavity length, and the distance separating the welded spots is 
called the gauge length, which dictates the gauge operating range and sensitivity.  
When a portion of white light is launched by a readout unit into one end of a fiber-
optic cable and travels toward the Fabry-Perot sensor, one part of the light is 
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reflected by the first semi-reflective mirror, and the remaining light travels through 
the Fabry-Perot cavity and is partially reflected by the second semi-reflective mirror.  
The light from the two reflections interferes and travels back to the readout unit 
toward a detector.  As the wavelength of white light is fixed, only the cavity length 
variation will contribute to modifying the output signal.  When external forces are 
applied to the sensor, the length of the air gap changes and hence, so does the phase 
difference between the two reflections.  Several demodulation techniques are 
available to evaluate this phase difference and relate it to strain.  One is to use the 
Fizeau interferometer and linear photodiode array to measure the Fabry-Perot cavity 
length, as shown in Figure 4.6.  In a readout unit for Fabry-Perot sensors, the 
reflected light is diffracted by a lens and spreads over a Fizeau interferometer, which 
cross-correlates the length of the Fabry-Perot cavity.  The Fizeau interferometer 
transmits the light maximally at the exact location where its thickness is equal to the 
Fabry-Perot cavity length of the sensor and makes an instantaneous correlation of the 
light signal for all spacing values of the cavity.  A linear photodiode array locates the 
position of the light peak response and determines precisely the true cavity length at 
the time when the optical signal is measured.  
 
 
Fabry-Perot fiber-optic sensors can be manufactured to be temperature 
compensated or non-compensated.  They have been developed to use a broadband 
light source instead of laser light, eliminating the need for temperature stabilizers and 
optic isolators.  They are highly sensitive to longitudinal strains, but insensitive to 
transverse strains.  They can make precise, linear, and absolute measurements, 
without the need for calibration.  On the other hand, FBG sensors are quite sensitive 
to transverse strain.  In addition, it is not possible to decouple the effects of 
temperature and strain with just one FBG sensor.  One special advantage of FBG 
sensors is that FBG sensors can be serially multiplexed along a single optic fiber, 
which also serves as the data transmission line. 
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4.3.2 Overview of the Test 
 
 
Tensile tests were conducted on different types of material samples, including 
15.9-mm-diameter deformed bars, 15.2-mm-diameter steel rebars, and a 100 x 200 
mm carbon FRP (CFRP) grid.  A tensile test specimen was the material sample cut 
into 1,200-mm-long sections.  For the CFRP grid, linear test specimens were 
prepared by cutting the crossbars to leave a 2 mm projection.  The Fabry-Perot SFO 
sensors were installed on the surface of the central part of the tensile specimens to 
investigate the monitoring behavior of the sensors.  Resistance strain gauges (RSGs) 
were also used for the sake of comparison.  Tensile tests were conducted using a 
universal testing machine with a capacity of 270 kN.  The specimen was inserted into 
the test frame and gripped by two steel wedge anchorages at the ends of the 
specimen.   
 
 
 
 
4.4 CASE STUDY III 
 
 
Because of the deteriorated conditions of the infrastructure in many 
metropolitan areas in North America, early warning of impending failure of 
structural components is critical.  Current instrumentation techniques for monitoring 
the performance of constructed structural elements are mainly limited to the 
applications of electric resistance principles or magnetic principles using strain 
gauges, linear differential transformers, and acoustic based instruments.  Main 
problems associated with these systems stem from their sensitivity to ambient 
electrical noise and potential of degradation with age.  Recent developments in the 
field of fiber-optic sensor technologies offer advantages that can essentially eliminate 
deficiencies such as the ones mentioned, and permit the long-term reliable and 
remote quantitative monitoring of changes in deformation of existing constructed 
facilities, thereby enabling the early warning of impending failure and predicting the 
remaining safe life of large structural systems.   
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4.4.1 Description of the Sensor (Benxian Chen, 1995) 
 
 
Fiber-optic Bragg grating (FBG) reported herein are used effectively as 
strain/stress sensors on critical sections of a series of composite beams, which 
provide a wealth of on-line and accurate real-time information about their 
performance under service conditions.  This information in turn indicates potential 
deformation or stress concentrations above the allowable limits, and thus warns 
against imminent failure.  The feasibilities and advantages of FBG as strain sensors 
to monitor concrete structures have recently been explored.  Primary conclusions 
from the studies include these: 
 
1. FBG sensors measure strains through a spectral shift of a narrow wavelength 
band, which provides good isolation from noise sources such as intensity 
fluctuations caused by a light source or bending loss in the lead fiber. The 
narrowness of this band gives good resolution and strains less than 10 micro-
strain can be detected.  
 
2. The theoretical relationship between the fractional change in wavelength with 
the induced strains has been established as  
 
 
where k = strain coefficient for the grating. For the optical fiber that has a NA 
(numerical aperture) of approximately 0.22 and a V value of 2.2 at 1,300-nm 
wavelength, a typical value of k is about 1.3.  The parameter k is the light 
wavelength, and ε is the strain applied to the optical fiber.   
 
3. The behavior of a bare-fiber FBG sensor in concrete was investigated.  It was 
observed that at increasingly high loads, the shape of the reflection band was 
slightly distorted due to the pressure induced by the adjacent concrete 
aggregate caused by shrinkage. This behavior was successfully improved by 
packaging the FOBG sensor with stainless steel hypotubing. In addition, 
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bonding quality of the optical fiber to the structural surface was carefully 
investigated.   
 
4. Measured fractional wavelength shift of the FBG in a steel rebar tension test 
showed excellent correlation with the tensile strain recorded using foil strain 
gauges.   
 
5. Measured strains in the main reinforcements of either small-scale or large-
scale reinforced concrete members, or large-scale prestressed concrete, for 
both embedded and exposed instrumentation schemes, showed excellent 
agreement between the measurements obtained from the FBG sensors and 
those from electric foil strain gauges. 
 
 
 
 
4.4.2 Overview of the Test 
 
 
Simply supported composite beams were fabricated and tested to evaluate 
their general flexural behavior.  All the beams had the same rectangular section of 
203 x 305 mm with a span of 2,743 mm.  All the pre-cast pre-tensioned prisms had a 
length of 2,895 mm.  The concrete mix was designed for a 7 day compressive 
strength of 84.4 MPa using Type III portland cement and a standard mixing method.  
The water to cementitious ratio is approximately 0.28.  Crushed stone coarse 
aggregate of 9.5 mm maximum size and natural sand were used. Uncoated stress-
relieved 1,900-MPa 7-wire 9.5-mm diameter strands were used to pre-stress the pre-
cast pre-tensioned prisms. No. 5 deformed bars conforming to ASTM A616-76 were 
used as additional tension reinforcement. 
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Figure 4.7: Schematic Diagram of Strain Gauge Placement 
 
 
The FBG sensors were used to measure the load-induced strains in 
reinforcement or on the concrete surface in all the test specimens.  For all those 
beams, at least 5-7 electric foil strain gauges (type F320) were mounted inside on the 
tension reinforcement. A group of three linear voltage differential transformers 
LVDTs were mounted outside on the mid span section of each beam with one on the 
extreme compression fiber level, one on the level of the middle depth of the section, 
and one on the bottom extreme tension fiber level. 
 
  
 
 
CHAPTER 5 
 
 
 
 
RESULT AND ANALYSIS 
 
 
 
 
5.1 INTRODUCTION 
 
 
From the case study and literature review, the relative merits of various fiber 
optic sensors technology are compared.  The comparative of stress/strain of each 
particular fiber optic sensor technology provide a guide for selecting appropriate 
sensor for different applications and site conditions. 
 
 
 
 
5.2 RESULT AND ANALYSIS FROM CASE STUDY I 
 
 
Strain data during load tests are taken for different stress levels with a fiber-
optic readout unit.  The data also have taken at when the concrete at 7 days and more 
than one year (> 1 year) age.  Table 5.1, 5.2 and 5.3 below shows the data get from 
embedded fiber optic (EFO) readout and from the compressive strength test (CST) 
while Figure 5.1 and Figure 5.2 shows the CST and EFO data obtained for uniaxial 
loading of the cylinder.   
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Table 5.1: Data from normal compressive strength test at 7 days 
Stress Stress (cube) Strain 
0 0 0 
5 6.25 140 
10 12.5 290 
15 18.75 440 
19 23.75 580 
 
 
Table 5.2: Data from EFO (Interferometrik sensor) at 7 days 
Stress Stress (cube) Strain 
0 0 0 
2 2.5 44 
4 5 100 
6 7.5 161 
8 10 222 
10 12.5 280 
11 13.75 300 
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Figure 5.1: Strain/Stress in concrete measured by Compressive Strength Test and 
Embedded Fiber Optic at 7 days. 
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Table 5.3: Data from normal compressive strength test and from EFO at > 1 year 
Stress Stress  Strain Strain 
 (cylinder) (cube) (compressive Strength (Interferometric sensor)
    Test)   
0 0 0 0 
5 6.25 120 90 
10 12.5 210 200 
15 18.75 330 310 
20 25 450 420 
25 31.25 600 535 
30 37.5 690 650 
35 43.75 780 780 
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Figure 5.2: Strain/Stress in concrete measured by Compressive Strength Test and 
Embedded Fiber Optic at > 1 year. 
 
 
From Figure 1 and Figure 2 above, we can see that strain values measured 
with EFO are slightly higher than values measured by the compressive strength test.   
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5.3 RESULT AND ANALYSIS FROM CASE STUDY II 
 
 
Fiber-optic sensors possess numerous advantages over conventional 
mechanical and electrical gauges.  They are small in size, lightweight, highly 
sensitive, and immune to electromagnetic interference, and have immense 
multiplexing capacities.  The main objective of the study is to assess the performance 
of new Fabry-Perot fiber-optic sensors for strain monitoring of engineering materials 
and structures in comparison with electrical strain gauges. 
 
 
Below are the result of the 15.9-mm-diameter deformed bars, 15.2-mm-
diameter steel rebars, and a 100 x 200 mm carbon FRP (CFRP) grid. 
 
 
Figure 5.3: Typical Tensile Stress-Strain Curve of Carbon Fiber-Reinforced Polymer 
Grids from Gauge 
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Figure 5.4: Typical Tensile Stress-Strain curves of glass fiber-reinforced Polymer 
Deformed rods from Sensor 
 
 
 
Figure 5.5: Typical Tensile Stress-Strain Curves of Steel Rebar from Gauges 
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Fig. 5.3 shows the typical tensile behavior of CFRP grid specimens.  A 
theoretical stress-strain curve (Hooke’s law) is also plotted for the CFRP grid with a 
modulus of elasticity of 90 GPa. The tensile stress-strain relationships obtained from 
the SFO sensor and RSG are typically linear, showing close agreement with the 
prediction of the linear theory.  This demonstrating that Fabry-Perot SFO sensor 
performs as well as RSG. 
 
 
The tensile stress-strain relation obtained from the instrumented sensors for 
the GFRP deformed rods tested is typically linear, as shown in Figure 5.4. It shows 
that the values obtained from RSG and Bragg Grating sensors closely agreed with the 
linear elasticity values. 
 
 
While Figure 5.5 shows the typical tensile stress-strain relationship of the 
instrumented steel rebar.  As expected, the plot based on the readings of the two 
types of gauges is fairly linear, as predicted by the linear theory.  This indicates that 
Fabry-Perot SFO sensors behave as reliably as resistance strain gauges in monitoring 
steel deformation. 
 
 
 
 
5.4 RESULT AND ANALYSIS FROM CASE STUDY III 
 
 
A successful packaging of the fiber-optic Bragg grating was used and 
modeled.  Good bonding of sensor to the structure was shown to be imperative for 
maximum transfer of load-induced strain.  The average strains in the main tension 
reinforcement embedded in the concrete beams, the plane section assumption of the 
strain distributions across the critical section depth, the flexural stiffness of the 
beams, and the crack widths at service loads are evaluated. 
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Average strain measurement is essential in evaluating the performance of 
modern concrete structures.  Use of a single FBG sensor seems to be able to 
accurately determine the average strains induced in the reinforcement over any 
predetermined gauge length.  Figure 5.6 shows the actual data of the laboratory test. 
 
   
  
Figure 5.6: Comparison of Average Strain Measurement Obtained from FBG sensors 
and Electric Strain Gauges (a) Beam A, (b) Beam B, (c) Beam C and (d) Beam D. 
 
 
These data then altered to stress-strain curve by changing the moment ratio 
by using the data given:   
 
Characteristic strength of concrete, fcu  = 80 N/mm2
Characteristic strength of tendon, fpu  = 1900 N/mm2
P      = 270 kN 
Nominal diameter of tendon, Aps  = 55 mm2 per tendon 
Effective hight, d    = 219 mm 
Beam width, b    = 203 mm 
Beam high, h    = 305 mm 
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5.4.1 Calculation of Ultimate Moment 
 
 
Beam A: 
 
Figure 5.7: Cross-Section of Beam A 
 
 
Number of tendon used = 1, Therefore total area, Aps = 55 mm2. 
(fpu/ fcu) x (Aps / bd) = 0.027851 
 
For uncoated tendon, use equation 52 and 53 (BS 8110, 1997) 
Equation 52: 
fpb  =  fpe + 7000/(l/d) x [1-1.7(fpu/fcu) x (Aps/bd)] 
fpb  =  8470.08 N/mm2
 
0.7 fpu  = 1330 N/mm2  < fpb
therefore,  fpb = 1330 N/mm2
 
Equation 53: 
x = 2.47 x [(fpu/fcu) x (Aps/bd)] x (fpb/fpu) x d 
x = 10.55 mm 
 
Therefore, ultimate moment, Mu = fpb x Aps (d-dn) 
     = 15.673 kNm 
 
Ultimate moment for normal reinforcement, 
x = 0.95As.fy / (0.45 b.fcu) 
 = 13.19 mm 
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Therefore ultimate moment, Mu = As. fy (d – 0.45x) 
= 26.050 kNm 
 
Total ultimate moment, Mu = 41.72 kNm 
 
 
 
 
Beam B: 
 
Figure 5.8: Cross-Section of Beam B 
 
 
Number of tendon used = 2, Therefore total area, Aps = 110 mm2. 
(fpu/ fcu) x (Aps / bd) = 0.055701 
 
For uncoated tendon, use equation 52 and 53 (BS 8110, 1997) 
Equation 52: 
fpb  =  fpe + 7000/(l/d) x [1-1.7(fpu/fcu) x (Aps/bd)] 
fpb  =  8232.10 N/mm2
 
0.7 fpu  = 1330 N/mm2  < fpb
therefore,  fpb = 1330 N/mm2
 
Equation 53: 
x = 2.47 x [(fpu/fcu) x (Aps/bd)] x (fpb/fpu) x d 
x = 21.09 mm 
 
Therefore, ultimate moment, Mu = fpb x Aps (d-dn) 
     = 30.65 kNm 
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Ultimate moment for normal reinforcement, 
x = 0.95As.fy / (0.45 b.fcu) 
 = 7.13 mm 
 
Therefore ultimate moment, Mu = As. fy (d – 0.45x) 
= 13.19 kNm 
 
Total ultimate moment, Mu = 43.84 kNm 
 
 
 
 
Beam C and D: 
 
Figure 5.9: Cross-Section of Beam C 
 
 
 
Figure 5.10: Cross-Section of Beam D 
 
 
Number of tendon used = 3, Therefore total area, Aps = 165 mm2. 
(fpu/ fcu) x (Aps / bd) = 0.083552 
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For uncoated tendon, use equation 52 and 53 (BS 8110, 1997) 
Equation 52: 
fpb  =  fpe + 7000/(l/d) x [1-1.7(fpu/fcu) x (Aps/bd)] 
fpb  =  7994.13 N/mm2
 
0.7 fpu  = 1330 N/mm2  < fpb
therefore,  fpb = 1330 N/mm2
 
Equation 53: 
x = 2.47 x [(fpu/fcu) x (Aps/bd)] x (fpb/fpu) x d 
x = 31.64 mm 
 
Therefore, ultimate moment, Mu = fpb x Aps (d-dn) 
     = 44.94 kNm 
 
 
 
 
5.4.2 Calculation of Stress 
 
 
When the ultimate moment is calculated, thus the value of stress can be 
calculated.  Table 5.4, 5.5, 5.6 and 5.7 shows the value of stress calculated. 
 
y = h/2 
 = 152.5 mm 
I = bh3/12 
 = 4.8 x 108 mm4
 
z = I/y 
 = 3.1 x 106 mm3
 
σ = M/z 
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Table 5.4: Calculated Data of Beam A 
Moment moment Stress strain strain 
ratio  M  (σ ) (µε) (µε) 
(M/Mu)     bragg foil gauge 
0 0 0 0 0 
0.1 4.172 1.33 0 167 
0.2 8.345 2.65 250 417 
0.3 12.517 3.98 833 667 
0.4 16.689 5.30 1333 1167 
0.5 20.861 6.63 1750 1750 
0.6 25.034 7.95 2250 2250 
0.7 29.206 9.28 3333 2833 
0.8 33.378 10.61 4667 4917 
0.83 34.630 11.00   5833 
0.84 35.047 11.14   6500 
0.86 35.882 11.40   7000 
0.89 37.133 11.80   7333 
 
 
Table 5.5: Calculated Data of Beam B 
Moment moment stress strain strain 
ratio  M  (σ ) (µε) (µε) 
(M/Mu)     bragg foil gauge 
0 0 0 0 0 
0.1 4.384 1.39 111 111 
0.2 8.769 2.79 222 222 
0.3 13.153 4.18 500 500 
0.4 17.537 5.57 778 889 
0.5 21.922 6.97 1333 1556 
0.6 26.306 8.36 2000 2333 
0.7 30.690 9.75 3222 4111 
0.8 35.075 11.14 5222 6333 
0.87 38.144 12.12   10000 
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Table 5.6: Calculated Data of Beam C 
Moment moment stress strain strain 
ratio  M  (σ ) (µε) (µε) 
(M/Mu)     bragg foil gauge 
0 0 0 0 0 
0.1 4.494 1.43 0 0 
0.2 8.987 2.86 111 111 
0.3 13.481 4.28 222 333 
0.4 17.974 5.71 300 444 
0.5 22.468 7.14 444 667 
0.6 26.961 8.57 889 1444 
0.7 31.455 9.99 1778 2667 
0.8 35.948 11.42 2667 3667 
0.9 40.442 12.85 3667 4889 
0.94 42.239 13.42 4889 6000 
0.96 43.138 13.71 7000 7000 
0.99 44.486 14.13 8000 9000 
 
 
Table 5.7: Calculated Data of Beam D 
Moment moment stress strain strain 
ratio  M  (σ ) (µε) (µε) 
(M/Mu)     bragg foil gauge 
0 0 0 0 0 
0.1 4.494 1.43 125 125 
0.2 8.987 2.86 250 250 
0.3 13.481 4.28 375 375 
0.4 17.974 5.71 500 500 
0.5 22.468 7.14 1000 1000 
0.6 26.961 8.57 2000 1750 
0.7 31.455 9.99 3125 2875 
0.77 34.600 10.99 4000 3500 
0.8 35.948 11.42   3875 
0.9 40.442 12.85   5375 
0.95 42.689 13.56   7000 
 
 
The data in the table then is plotted into stress-strain curve.  Figure 5.11. 5.12, 
5.13 and 5.14 shows the tress-strain curve of beam A, B, C and D respectively. 
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Figure 5.11: Stress-Strain Curve of Beam A 
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Figure 5.12: Stress-Strain Curve of Beam B 
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Figure 5.13: Stress-Strain Curve of Beam C 
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Figure 5.14: Stress-Strain Curve of Beam D 
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In general, from the plotted graph, we can see that the FBG sensors strain 
reading reach the peak strain at higher load.  This occurred because the minute length 
of the electric strain gauge does not necessary capture the randomly developed crack 
or the steel reinforcement in the particular cracked zone.  The strain reading 
measured by FBG sensors are in close agreement with the values measured from 
electrical strain gauge. 
 
 
 
 
5.5 COMPARISON OF RESULTS 
 
 
Comparison of each sensor is made by comparing the stress-strain curves 
determined from the laboratory test.  From the analysis of each case study, it can be 
observed that: 
 
1. In general, all the fiber optic sensor that has been analysed, which are FBG, 
Interferometric sensor included embedded fiber optic sensor (EFO) and 
surface fiber optic sensor (SFO) shows that they can be used to get the data of 
concrete or reinforcement stress-strain.  The strain value observed from fiber 
optic sensors are comparable to those obtained from electrical strain gauge or 
compressive strength test.  The values measured by fiber optic sensor are 
higher than the value measured from electrical strain gauge.   
 
2. The analysis of case strudies indicated that the steel strain/stress in embedded 
reinforcement can reasonably be monitored by externally mounting the FBG 
sensors on the surface of the structural concrete members without loss of 
accuracy at working load levels. 
 
3. Use of single FBG sensors seems to be able to accurately determine the 
average strain induced in the reinforcement over any predetermined gauge 
length. 
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4. It was noted that the average reinforcement strains measured from FBG 
sensors and the electric strain gauges showed excellent agreement before 
cracking of pre-cast concrete.  Therefore, the influence of strains on the 
tensioned concrete between crack can be neglected if the crack remain small. 
 
 
 
 
5.6 COMPARISON WITH FINITE ELEMENT M0DEL (FEM)  
 
 
In order to compare the results obtained from case studies with the theoretical 
values, the finite element analysis is carry out.  Therefore, LUSAS software has been 
chosen to analyze the data.  LUSAS is an associative feature-based Modeller. The 
model geometry is entered in terms of features which are sub-divided (discretised) 
into finite elements in order to perform the analysis.   
 
 
A test beam from case study III is chosen for the FEM modelling due to 
availability of section properties.  Only one beam has been modelled since all other 
beams used in the case study have same properties.   
 
 
 
 
5.6.1 Modelling of the Beam 
 
 
The beam was modelled as 3D model using LUSAS software.  Volume 
elements are used in order to create the model, which a total of 4059 nodes.  
Isotropic material datasets can be used to specify the material properties.  The 
material properties such as elasticity linear properties include Young’s modulus, 
Poisson’s ratio, mass density, optional thermal and dynamic properties.   
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The data of the beam has been described in Case Study III in chapter four.  
The data was then analyzed by using the LUSAS program.  Figure 5.15 below show 
the finite element model of the beam.  
 
 
Figure 5.15: Finite Element Model of Beam 
 
 
Results from the software are compared with the results of case study III.  
The comparison made by the finite element method is done for each beam in the 
elastic range.  The results are obtained for node 3493, which coincides with the 
location of fiber optic sensor.  Table 5.8 gives the result from the analysis and the 
full results of stress and strain of the beam are shown in appendix.  While Figure 
5.19, 5.20, 5.21 and Figure 5.22 show the comparison of results between FEM, 
Bragg Grating and normal foil gauge for each beam. 
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Table 5.8: Result obtained from LUSAS software 
stress strain 
(N/mm2) (µε) 
0 0 
1.22 70.5 
2.44 141 
3.67 211 
4.89 282 
7.33 423 
 
 
Figure 5.16: Stress Contour for the Beam 
 
 
 
Figure 5.17: Stress Contour (x-axis) at Fiber Optic Cross Section 
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Figure 5.18: Stress Contour (y-axis) at Fiber Optic Cross Section 
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Figure 5.19: Stress-Strain curve. (Beam A Case Study III) 
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Figure 5.20: Stress-Strain curve. (Beam B Case Study III) 
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Figure 5.21: Stress-Strain curve. (Beam C Case Study III) 
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Figure 5.22: Stress-Strain curve. (Beam D Case Study III) 
 
 
The graphs indicate that the stress-strain relationship obtained from the fiber 
optic sensor are comparable with that obtained from FEM.  The results of the FEM 
show that the readings from fiber optic sensor are acceptable.  This result shows that 
the fiber optic sensor can be used as the strain sensor.  In fact, the results obtained 
from fiber optic sensor are much better than the normal electrical resistance strain 
gauge. 
 
  
 
 
CHAPTER 6 
 
 
 
 
CONCLUSIONS AND RECOMMENDATIONS 
 
 
 
 
6.1 INTRODUCTION 
 
 
Over the past decades most industrial sectors have been forced to reduce cost 
and become more competitive.  This strategy is driven by growing competition from 
all parts of the world as more countries enter the global economy as both producers 
and users of goods and services.  World markets are expanding and this represents 
both an exciting challenge and a potential threat to many industrial sectors.  
Government are also exposed to this changing world economy and are having to 
become more fiscally responsible, which means they are constantly looking for ways 
to cut their costs.  Many programs, such as transportation and structural integrity, are 
consequently under significant pressure to reduce cost and improve their 
effectiveness.  This climate is conducive to the introduction to a new technology if it 
can prove to lower costs and enhance efficiency (Raymond, 2001). 
 
 
The civil engineering infrastructure including bridge, tunnels, highways, 
railways, dams, seaports, and airports represent an enormous financial investment.  
The major building boom that took place in North America in the 1950s and 1960s 
has left in its wake a vast number of bridges, highways and other concrete structure 
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that are now in urgent need of rehabilitation or replacement.  Ever since the Silver 
Bridge across the Ohio River Collapsed in 1967, killing 46 people, extensive records 
of bridge safety and adequacy have been maintained and today most bridges are 
inspected every two years (Raymond, 2001).  Based on these problem, this paper 
present the used of fiber optic sensor technology used in civil engineering to monitor 
the structure.  Some conclusion has been made and the recommendation for future 
study also been carried out. 
 
 
 
 
6.2 CONCLUSIONS 
 
 
Based on the analysis of literature and application through case study, fiber 
optic sensors technology is one of the important aspects in monitoring the structure.  
This type of sensor is able to make the structure to be a smart structure, which can 
give early warning to make sure immediate action will be taken on repairing the 
structure. 
 
 
Based on the result presented, it can be concluded that the objective of this 
study have been fulfilled.  Conclusions made from this study are as follows: 
 
1. FBG as strain/stress sensors can be successfully used for accurate, 
quantitative and at the same time non-destructive monitoring of behaviour of 
the concrete member under long-term service loads with the ability to warn 
against impending failure. 
 
2. FBG sensors are flexible and adjustable and can be set to any desired gauge 
length. 
 
3. Apart from FBG, another fiber optic sensor such as interferometric sensor 
that has been discussed before also give a linear value of stress-strain in 
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concrete.  This means that this fiber optic also can be used in the monitoring 
civil engineering structures. 
 
4. The stress-strain readings obtained from fiber optic sensors embedded inside 
a pre-stressed concrete beam have been compared with theoretical values 
from finite element model.  The good comparison between the results 
confirms the feasibility of fiber optic sensor for strain monitoring in concrete 
structure. 
 
 
 
 
6.3 RECOMMENDATIONS FOR FUTURE STUDY 
 
 
At present there are a number of other fiber optic structural sensors that has been 
used quite successfully.  The transverse sensitivity of the sensors, albeit small, could 
cause some ambiguity for an embedded sensor that is subject to large transverse 
loads (Raymond, 2001).  However, under such circumstances, it is probably 
important to measure more than axial component of strain and several suggestions 
have been made to improve the ability of the sensors and for future study: 
 
1. Further laboratory tests addressing issues related to fiber mounting, 
installation, temperature correction and instrumentation 
 
2. Field-testing of the system on the existing facilities and measurement of 
strains, deformations and resulting cracking on a real-time and on-line basis.  
 
Since the use of fiber optic sensor is relatively new in Malaysia, and the 
availability of this type of sensors is limited in the local market it is also 
recommended that further works is carried out to fabricate these sensors and test for 
their reliability.  Locally fabricated fiber optic sensors can help to reduce cost of 
purchasing them. 
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APPENDIX 
 
 
Stress values (Finite Element Model of Beam) 
Node SX SY SZ SXY SYZ SZX 
3480 -0.0108 -0.00358 -6.18E-05 -0.00661 2.08E-05 8.85E-06 
3481 -0.0108 -0.00359 -0.000114 -0.00648 -7.29E-16 -2.59E-16 
3482 -0.0108 -0.00358 -6.18E-05 -0.00661 -2.08E-05 -8.85E-06 
3483 0.0206 -0.000308 -8.33E-05 -0.000183 0.000151 -0.000158 
3484 0.0336 -0.000654 -0.000268 -1.87E-05 2.41E-05 -8.11E-05 
3485 0.0339 -0.000619 -0.000253 -3.96E-05 -2.96E-16 -8.69E-15 
3486 0.0336 -0.000654 -0.000268 -1.87E-05 -2.41E-05 8.11E-05 
3487 0.0337 -0.000616 -0.00017 -3.45E-06 1.66E-05 -6.22E-07 
3488 0.0338 -0.000643 -0.000277 -2.93E-05 1.66E-05 -7.37E-05 
3489 0.0338 -0.000643 -0.000277 -2.93E-05 -1.66E-05 7.37E-05 
3490 0.0337 -0.000616 -0.00017 -3.45E-06 -1.66E-05 6.22E-07 
3491 0.0206 -0.000308 -8.33E-05 -0.000183 -0.000151 0.000158 
3492 0.00722 -0.001 -0.000364 -0.000719 -6.89E-06 -0.000117 
3493 0.00733 -0.000999 -0.000389 -0.000722 7.89E-16 -2.63E-15 
3494 0.00722 -0.001 -0.000364 -0.000719 6.89E-06 0.000117 
3495 0.00714 -0.00104 -0.000315 -0.0007 -1.09E-05 -0.000213 
3496 0.00727 -0.00101 -0.00041 -0.000721 -4.48E-06 -7.45E-05 
3497 0.00727 -0.00101 -0.00041 -0.000721 4.48E-06 7.45E-05 
3498 0.00714 -0.00104 -0.000315 -0.0007 1.09E-05 0.000213 
3499 0.0206 -0.000295 -0.000177 -0.000205 2.26E-05 -9.91E-05 
3500 0.0208 -0.000277 -0.000179 -0.00022 -4.46E-16 -5.53E-15 
3501 0.0206 -0.000295 -0.000177 -0.000205 -2.26E-05 9.91E-05 
3502 0.0321 0.000927 0.000103 -0.000242 -0.000236 -2.36E-05 
3503 0.0321 0.000927 0.000103 -0.000242 0.000236 2.36E-05 
3504 0.0327 0.00105 0.000212 -0.000212 -4.84E-07 2.82E-05 
3505 0.0327 0.00102 0.000183 -0.000189 -1.01E-15 -6.76E-15 
3506 0.0327 0.00105 0.000212 -0.000212 4.84E-07 -2.82E-05 
3507 0.00785 0.000164 0.00021 0.000146 -0.000253 7.49E-05 
3508 0.00785 0.000164 0.00021 0.000146 0.000253 -7.49E-05 
3509 0.00826 0.000307 0.00038 0.000266 1.46E-05 -4.37E-05 
3510 0.00827 0.000319 0.000465 0.000262 3.67E-16 -3.16E-15 
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3511 0.00826 0.000307 0.00038 0.000266 -1.46E-05 4.37E-05 
3512 -0.0452 0.00228 1.11E-05 0.00126 -0.000113 -1.85E-05 
3513 -0.0275 0.000478 -1.72E-05 0.00073 -1.60E-05 9.17E-06 
3514 -0.00887 -0.000554 4.54E-05 0.00151 2.99E-05 6.51E-05 
3515 -0.0452 0.00231 5.06E-05 0.0012 -4.95E-16 3.43E-15 
3516 -0.0274 0.000502 -2.67E-05 0.000698 1.41E-15 1.36E-15 
3517 -0.00879 -0.00053 2.96E-05 0.0015 1.34E-15 -8.61E-16 
3518 -0.0452 0.00228 1.11E-05 0.00126 0.000113 1.85E-05 
3519 -0.0275 0.000478 -1.72E-05 0.00073 1.60E-05 -9.17E-06 
3520 -0.00887 -0.000554 4.54E-05 0.00151 -2.99E-05 -6.51E-05 
3521 -0.0504 0.00387 0.000694 -0.002 -7.98E-05 -5.82E-05 
3522 -0.0456 0.00233 -1.82E-05 0.00133 -0.000125 8.74E-06 
3523 -0.0505 0.00388 0.000923 -0.00205 -3.99E-16 5.00E-15 
3524 -0.0452 0.0023 3.66E-05 0.00124 -6.08E-05 -3.13E-06 
3525 -0.0504 0.00387 0.000694 -0.002 7.98E-05 5.82E-05 
3526 -0.0452 0.0023 3.66E-05 0.00124 6.08E-05 3.13E-06 
3527 -0.0456 0.00233 -1.82E-05 0.00133 0.000125 -8.74E-06 
3528 -0.0363 0.00142 1.43E-05 0.00085 -6.28E-05 -5.28E-06 
3529 -0.0276 0.000526 -5.65E-06 0.00081 -2.25E-05 1.91E-05 
3530 -0.0363 0.00144 3.06E-05 0.000806 1.46E-16 2.34E-15 
3531 -0.0274 0.000496 -2.25E-05 0.000716 -1.43E-05 6.05E-06 
3532 -0.0363 0.00142 1.43E-05 0.00085 6.28E-05 5.28E-06 
3533 -0.0274 0.000496 -2.25E-05 0.000716 1.43E-05 -6.05E-06 
3534 -0.0276 0.000526 -5.65E-06 0.00081 2.25E-05 -1.91E-05 
3535 -0.0182 -7.08E-05 4.10E-06 0.00117 4.42E-06 3.64E-05 
3536 -0.00891 -0.000548 9.09E-05 0.00157 8.31E-06 2.44E-05 
3537 -0.0181 -5.57E-05 -6.34E-06 0.00116 1.93E-15 2.81E-16 
3538 -0.00884 -0.000546 2.36E-05 0.00151 1.40E-05 3.40E-05 
3539 -0.0182 -7.08E-05 4.10E-06 0.00117 -4.42E-06 -3.64E-05 
3540 -0.00884 -0.000546 2.36E-05 0.00151 -1.40E-05 -3.40E-05 
3541 -0.00891 -0.000548 9.09E-05 0.00157 -8.31E-06 -2.44E-05 
3542 -0.00111 -0.00161 -0.00038 0.000212 4.21E-05 9.16E-05 
3543 -0.001 -0.00158 -0.000402 0.000208 1.60E-15 -1.87E-15 
3544 -0.00111 -0.00161 -0.00038 0.000212 -4.21E-05 -9.16E-05 
3545 -0.0431 -0.00406 -4.64E-06 0.000531 -6.50E-06 0.00027 
3546 -0.0259 -0.00272 5.91E-05 -0.000974 -7.27E-05 6.98E-05 
3547 -0.0104 -0.000893 -0.00014 -0.00143 -1.83E-05 -7.55E-05 
3548 -0.0431 -0.00406 -4.64E-06 0.000531 6.50E-06 -0.00027 
3549 -0.0259 -0.00272 5.91E-05 -0.000974 7.27E-05 -6.98E-05 
3550 -0.0104 -0.000893 -0.00014 -0.00143 1.83E-05 7.55E-05 
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Strain values (Finite Element Model of Beam) 
Node EX EY EZ EXY EYZ EZX 
3480 -5.57E-13 -7.86E-14 1.56E-13 -8.81E-13 2.77E-15 1.18E-15 
3481 -5.58E-13 -7.82E-14 1.53E-13 -8.64E-13 -9.72E-26 -3.45E-26 
3482 -5.57E-13 -7.86E-14 1.56E-13 -8.81E-13 -2.77E-15 -1.18E-15 
3483 1.15E-12 -2.45E-13 -2.30E-13 -2.43E-14 2.01E-14 -2.10E-14 
3484 1.88E-12 -4.07E-13 -3.81E-13 -2.50E-15 3.21E-15 -1.08E-14 
3485 1.89E-12 -4.08E-13 -3.84E-13 -5.28E-15 -3.95E-26 -1.16E-24 
3486 1.88E-12 -4.07E-13 -3.81E-13 -2.50E-15 -3.21E-15 1.08E-14 
3487 1.88E-12 -4.07E-13 -3.77E-13 -4.60E-16 2.22E-15 -8.29E-17 
3488 1.89E-12 -4.08E-13 -3.83E-13 -3.90E-15 2.21E-15 -9.82E-15 
3489 1.89E-12 -4.08E-13 -3.83E-13 -3.90E-15 -2.21E-15 9.82E-15 
3490 1.88E-12 -4.07E-13 -3.77E-13 -4.60E-16 -2.22E-15 8.29E-17 
3491 1.15E-12 -2.45E-13 -2.30E-13 -2.43E-14 -2.01E-14 2.10E-14 
3492 4.16E-13 -1.32E-13 -8.93E-14 -9.59E-14 -9.19E-16 -1.57E-14 
3493 4.23E-13 -1.33E-13 -9.20E-14 -9.62E-14 1.05E-25 -3.50E-25 
3494 4.16E-13 -1.32E-13 -8.93E-14 -9.59E-14 9.19E-16 1.57E-14 
3495 4.11E-13 -1.33E-13 -8.53E-14 -9.34E-14 -1.45E-15 -2.84E-14 
3496 4.20E-13 -1.32E-13 -9.23E-14 -9.61E-14 -5.98E-16 -9.93E-15 
3497 4.20E-13 -1.32E-13 -9.23E-14 -9.61E-14 5.98E-16 9.93E-15 
3498 4.11E-13 -1.33E-13 -8.53E-14 -9.34E-14 1.45E-15 2.84E-14 
3499 1.15E-12 -2.43E-13 -2.35E-13 -2.74E-14 3.01E-15 -1.32E-14 
3500 1.16E-12 -2.44E-13 -2.38E-13 -2.93E-14 -5.95E-26 -7.37E-25 
3501 1.15E-12 -2.43E-13 -2.35E-13 -2.74E-14 -3.01E-15 1.32E-14 
3502 1.77E-12 -3.06E-13 -3.61E-13 -3.23E-14 -3.15E-14 -3.15E-15 
3503 1.77E-12 -3.06E-13 -3.61E-13 -3.23E-14 3.15E-14 3.15E-15 
3504 1.81E-12 -3.08E-13 -3.64E-13 -2.82E-14 -6.46E-17 3.75E-15 
3505 1.80E-12 -3.09E-13 -3.64E-13 -2.52E-14 -1.35E-25 -9.01E-25 
3506 1.81E-12 -3.08E-13 -3.64E-13 -2.82E-14 6.46E-17 -3.75E-15 
3507 4.32E-13 -8.05E-14 -7.74E-14 1.95E-14 -3.37E-14 9.99E-15 
3508 4.32E-13 -8.05E-14 -7.74E-14 1.95E-14 3.37E-14 -9.99E-15 
3509 4.51E-13 -7.89E-14 -7.40E-14 3.55E-14 1.94E-15 -5.83E-15 
3510 4.51E-13 -7.94E-14 -6.96E-14 3.49E-14 4.89E-26 -4.22E-25 
3511 4.51E-13 -7.89E-14 -7.40E-14 3.55E-14 -1.94E-15 5.83E-15 
3512 -2.54E-12 6.29E-13 4.78E-13 1.68E-13 -1.51E-14 -2.47E-15 
3513 -1.53E-12 3.32E-13 2.99E-13 9.73E-14 -2.13E-15 1.22E-15 
3514 -4.87E-13 6.73E-14 1.07E-13 2.01E-13 3.99E-15 8.68E-15 
3515 -2.54E-12 6.30E-13 4.80E-13 1.60E-13 -6.60E-26 4.57E-25 
3516 -1.53E-12 3.33E-13 2.97E-13 9.30E-14 1.89E-25 1.82E-25 
3517 -4.83E-13 6.79E-14 1.05E-13 2.00E-13 1.79E-25 -1.15E-25 
3518 -2.54E-12 6.29E-13 4.78E-13 1.68E-13 1.51E-14 2.47E-15 
3519 -1.53E-12 3.32E-13 2.99E-13 9.73E-14 2.13E-15 -1.22E-15 
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3520 -4.87E-13 6.73E-14 1.07E-13 2.01E-13 -3.99E-15 -8.68E-15 
3521 -2.85E-12 7.68E-13 5.56E-13 -2.67E-13 -1.06E-14 -7.75E-15 
3522 -2.56E-12 6.36E-13 4.80E-13 1.78E-13 -1.66E-14 1.17E-15 
3523 -2.86E-12 7.66E-13 5.69E-13 -2.74E-13 -5.32E-26 6.67E-25 
3524 -2.54E-12 6.30E-13 4.79E-13 1.65E-13 -8.11E-15 -4.18E-16 
3525 -2.85E-12 7.68E-13 5.56E-13 -2.67E-13 1.06E-14 7.75E-15 
3526 -2.54E-12 6.30E-13 4.79E-13 1.65E-13 8.11E-15 4.18E-16 
3527 -2.56E-12 6.36E-13 4.80E-13 1.78E-13 1.66E-14 -1.17E-15 
3528 -2.03E-12 4.82E-13 3.89E-13 1.13E-13 -8.38E-15 -7.04E-16 
3529 -1.54E-12 3.35E-13 3.00E-13 1.08E-13 -3.00E-15 2.54E-15 
3530 -2.03E-12 4.83E-13 3.89E-13 1.07E-13 1.94E-26 3.13E-25 
3531 -1.53E-12 3.32E-13 2.98E-13 9.54E-14 -1.91E-15 8.06E-16 
3532 -2.03E-12 4.82E-13 3.89E-13 1.13E-13 8.38E-15 7.04E-16 
3533 -1.53E-12 3.32E-13 2.98E-13 9.54E-14 1.91E-15 -8.06E-16 
3534 -1.54E-12 3.35E-13 3.00E-13 1.08E-13 3.00E-15 -2.54E-15 
3535 -1.01E-12 1.98E-13 2.03E-13 1.56E-13 5.89E-16 4.85E-15 
3536 -4.90E-13 6.75E-14 1.10E-13 2.09E-13 1.11E-15 3.26E-15 
3537 -1.00E-12 1.98E-13 2.01E-13 1.54E-13 2.58E-25 3.75E-26 
3538 -4.85E-13 6.76E-14 1.06E-13 2.01E-13 1.86E-15 4.53E-15 
3539 -1.01E-12 1.98E-13 2.03E-13 1.56E-13 -5.89E-16 -4.85E-15 
3540 -4.85E-13 6.76E-14 1.06E-13 2.01E-13 -1.86E-15 -4.53E-15 
3541 -4.90E-13 6.75E-14 1.10E-13 2.09E-13 -1.11E-15 -3.26E-15 
3542 -3.95E-14 -7.28E-14 9.07E-15 2.83E-14 5.62E-15 1.22E-14 
3543 -3.37E-14 -7.24E-14 6.42E-15 2.78E-14 2.13E-25 -2.50E-25 
3544 -3.95E-14 -7.28E-14 9.07E-15 2.83E-14 -5.62E-15 -1.22E-14 
3545 -2.35E-12 2.53E-13 5.24E-13 7.08E-14 -8.67E-16 3.60E-14 
3546 -1.41E-12 1.36E-13 3.22E-13 -1.30E-13 -9.70E-15 9.30E-15 
3547 -5.67E-13 6.76E-14 1.18E-13 -1.91E-13 -2.44E-15 -1.01E-14 
3548 -2.35E-12 2.53E-13 5.24E-13 7.08E-14 8.67E-16 -3.60E-14 
3549 -1.41E-12 1.36E-13 3.22E-13 -1.30E-13 9.70E-15 -9.30E-15 
3550 -5.67E-13 6.76E-14 1.18E-13 -1.91E-13 2.44E-15 1.01E-14 
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Figure 1: Deformation of the Beam 
 
 
 
Figure 2: Stress-Distance curve at the Cross Section (y-axis) 
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Figure 3: Strain-Distance curve at the Cross Section (y-axis) 
 
 
 
Figure 4: Stress-Distance curve at the Cross Section (x-axis) 
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Figure 5: Strain-Distance curve at the Cross Section (x-axis) 
 
 
 
 
